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ABSTRACT: Recently, we have presented the result for the zero-jettiness soft function at next-
to-next-to-next-to-leading order (N3LO) in perturbative QCD [1], without providing technical
details of the calculation. The goal of this paper is to describe the most important element of
that computation, the triple real-emission contribution. We present a detailed discussion of the
many technical aspects of the calculation, for which a number of methodological innovations
was required. Although some elements of the calculation were discussed earlier [2-6], this
paper is intended to provide a complete summary of the methods used in the computation
of the triple real-emission contribution to the soft function.
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1 Introduction

Experiments at the LHC and its high-luminosity upgrade will continue the exploration
of the Standard Model and searches for physics beyond it through precise measurements.
Eventually, interpretations of such measurements will be dominated by theoretical systematics,
and improvements in the description of hard hadron collisions are therefore called for. Such
improvements require advancements in computations of two- and three-loop amplitudes for
high multiplicities, and in dealing with real-emission processes which are needed to cancel
infra-red divergences present in loop amplitudes [7-9].!

The crucial difference between loop amplitudes and real-emission contributions is that
infra-red divergencies in virtual amplitudes appear explicitly after integrating over the loop
momenta, manifesting themselves as poles in the dimensional regularization parameter
e = (4 — d)/2, with d being the dimensionality of space-time. On the contrary, real-emission
contributions involve complex observables and cannot be analytically integrated over the
entire phase space. Because of that, infra-red divergences need to be extracted before the
numerical integration.

It is possible to do that because divergences only appear in phase-space regions where
additional radiation (with respect to Born processes) becomes soft and collinear and, there-
fore, unresolved. Since infra-red safe observables are, by definition, not sensitive to soft-
and collinear radiation, and since matrix elements exhibit universal factorization in these
limits, it becomes possible to extract infra-red divergences in a process-independent manner.
Consequently, various slicing and subtraction schemes that isolate, extract, and cancel infra-
red poles in cross-section calculations, have been proposed and employed at NLO [10-20],
NNLO [21-70] and N3LO [71-75]. Additionally, fully-numerical approaches exist which
combine loop- and real-emission integrands before the integration [76-82]. Further discussion
of advanced computational methods in QCD and their applications can be found in ref. [83].

Modern slicing and subtraction schemes require integration of well-defined functions
encapsulating soft- and collinear dynamics, over phase spaces of unresolved emissions. These
integrals differ because of phase-space constraints which are particular to a specific scheme.
In this paper, we consider the N-jettiness observable 7Ty [84, 85], which can be used as
a slicing variable for lepton- and hadron-collider processes with final-state jets. The N-
jettiness slicing scheme has already been used in a number of high-profile NNLO QCD
computations [29-32, 72, 75].

In case of N-jettiness, integrals over unresolved phase-space regions are further split
into the so-called soft, beam and jet functions. Beam and jet functions describe collinear
emissions off incoming and outgoing hard partons. These functions are process-independent
and are currently known through N3LO in perturbative QCD [86-93].

The soft function describes soft QCD radiation at large angles. For this reason, it is
sensitive to color charges in the full event. This fact makes the soft function a much more
complex quantity to calculate. The complexity of the soft function is further exacerbated by
the definition of the N-jettiness variable which requires one to find the minima of certain
combinations of scalar products between soft and hard partons. The traditional approach

!Collinear divergencies associated with the initial-state radiation are absorbed into the parton distribu-
tion functions.



to computing the N-jettiness soft function, that goes back to the early papers on this
subject [84, 85], involves explicit resolution of the N-jettiness constraint by an additional
phase-space partitioning. Since the complexity of such a partitioning strongly increases
with the number of external particles, the N-jettiness soft function was first calculated for
processes with two, three and four hard partons [2, 94-100].

Recently, new computational approaches were developed which allowed the calculation of
the N-jettiness soft function for an arbitrary number of hard partons N [101, 102]. This fact
makes the N-jettiness slicing scheme the first scheme in which all unresolved real-emission
ingredients are known analytically for arbitrary collider processes (with massless partons)
at NNLO QCD. We note in passing that the computation of ref. [102] represents a notable
departure from the original methods, because divergences are regulated at the level of the
entire soft function and the N-jettiness is treated as any other infra-red safe observable.
Practically, one employs nested soft-collinear subtraction scheme [103] and the integrated
double-soft subtraction term computed in ref. [104].

One may dream of replicating this success also at N3LO QCD but, given a rather limited
understanding of soft and collinear singularities at that perturbative order, and a complex
nature of the N-jettiness soft function, calculations at N3LO have naturally focused on the
N =0 case [3-6]. The explicit partitioning of the radiative phase space into sectors where the
N-jettiness assumes a definite value, remains manageable in such a case. However, instead of
integrating the resulting expressions numerically using the sector decomposition method [105],
as was done in NNLO QCD computations for the N = 0, 1, 2 soft functions [96-100], we use
techniques developed for multi-loop computations, such as the integration-by-parts (IBP)
relations [106, 107] and the method of differential equations [108-112], and adapt them
for our purposes.

In this paper, we discuss the triple-real contribution to the N3LO QCD zero-jettiness
soft function, accounting for both ggg and gqq soft final-state partons. We aim at explaining
how to overcome the technical challenges described in ref. [1], where the result for the
zero-jettiness soft function at N3LO has been presented.

The outline of the paper is as follows. In section 2, we define the zero-jettiness soft
function, explain how the soft limits of tree-level matrix elements are computed, and determine
the integrand for the soft function computation. In section 3 we argue that some integrals,
required for the computation of the soft function, are not regulated dimensionally. We also
describe a constructive procedure called filtering, which allows us to remove such integrals
from the calculation. In section 4 we explain how the integration-by-parts method works for
phase-space integrals with Heaviside functions. In sections 5 and 6, we discuss computation of
master integrals. We find it necessary to divide them into two classes. The first class contains
no integrals with the propagator 1/k%,;, where kio3 is the sum of three soft-parton momenta.
The second class comprises integrals with this propagator. Integrals that belong to the first
class are discussed in section 5; we compute them by integrating over the phase space of three
soft partons, subject to the zero-jettiness constraint. Integrals of the second type are too
complicated for a direct integration. In section 6, we explain how we introduce an auxiliary
parameter and derive differential equations for such integrals. Calculation of the boundary
conditions is discussed in section 7. We elaborate on the numerical checks in section 8, provide



results for the soft function in section 9 and conclude in section 10. Some elements of the
calculations and the various quantities used there are presented in several appendices.
2 Definition of the soft function and the soft limits of squared amplitudes

The zero-jettiness observable describes processes with exactly two hard partons. It is defined
as follows [84, 85]

. [2pa ki 2pp - K
To(n) = Zmln [ , . (2.1)
i=1 P P

In eq. (2.1), pep are the four-momenta of hard partons, either incoming or outgoing, k;,
i €{1,...,n} are the momenta of additional (soft) partons, and P is an arbitrary parameter
of mass-dimension one. The zero-jettiness soft function can be written as

n=0

where Sﬁ”) describes a partonic process with n soft particles in the final state. It reads

s — 1 - dk;] (1 — To(n)) Eik(pa, pp, {k1, ..., kn}). 2.3
Ny J 11 k] 7 = Ta(a) ik ) (23

In eq. (2.3), Ngym is a symmetry factor to account for identical particles in the final state,
[dk] = d%k/(2m)4"16(k%)0(kD), and the eikonal function is defined as follows

oz M @ay Py, {ARL - AR D[

Eik(pa, py; {k1, .- kn}) = ii_m |M(pa,b)|? ’

(2.4)

which corresponds to the leading soft approximation of the matrix element M.? Each eikonal
function receives virtual corrections which also have to be computed in the leading soft
approximation; it follows that at leading order Sﬁ") ~al.

Hence, to obtain the N3LO contribution to the zero-jettiness soft function, one requires
ingredients that are familiar from computations of partonic cross sections at that perturbative
order. They include the radiation of three soft partons, the one-loop corrections to the
double-real emission, and the two-loop corrections to the single-real emission. The notable
difference to ordinary N3LO computations is that the three-loop (purely virtual) corrections
become scaleless in the soft limit and vanish. For the case when soft partons are gluons,
the relevant contributions are shown in figure 1. The two non-vanishing virtual corrections
(RRV and RVV) have been computed in refs. [3, 5]. In the RRV case both phase-space and
loop integrations were treated on the same footing. In contrast, the RVV contribution was
computed directly by integrating eq. (2.3) for n = 1. Such an integration is straightforward
thanks to the simple form of the single-soft current for two hard partons at two loops [113-115].
We discuss the calculation of the RVV contribution in appendix B.

’In eq. (2.4) |M|? refers to the matrix element squared summed over colors and polarizations of all
particles involved.



In this paper, we elaborate on the computation of the triple real-emission contribution, the
most challenging part of the calculation of the zero-jettiness soft function at N3LO. We begin
with the explanation of how the four-momenta of soft and hard partons are parametrized in
this case. Since we aim at simplifying the zero-jettiness measurement function and since this
function depends on projections of momenta k; on p, p, it is convenient to introduce light-cone
(Sudakov) coordinates. The two hard momenta p, ; define two light-cone directions. We write

\/%n m'ﬁ (2.5)

L T

Pa = Py =

where sg, = 2pq - pp. It follows that n? = 72 = 0 and n -7 = 2. The momenta of soft
partons read

We note that since k? = 0, k| , = Va;Bi €l ., withe, ;-n=e,;-n=0,and (e| ;)* = —1.
It follows that «; = k; - n and B; = k; - n. We use the above definitions, take P = /Sqp,
and re-write eq. (2.1) as

n
To(n) = Z min oy, 5] . (2.7)
=1
As can be seen from eq. (2.6), the minimum function differentiates between soft partons
emitted into the forward and the backward hemisphere, defined with respect to the collision
axis. In order to project the different phase-space regions onto a unique value of 7y(n) without
the minimum function, we insert a partition of unity for each of the soft partons and write

3
1= [T [0(ci — ;) + 0(Bi — )] (2.8)
i=1

Upon expanding the product, eq. (2.8) splits into eight terms. These terms can be arranged in
two groups. In the first group (two terms) all soft partons are emitted into the same hemisphere
whereas in the second group two partons are emitted into the same hemisphere and one parton
into the opposite hemisphere (six terms). Assuming that the eikonal function is symmetric
under the permutation of soft partons,® and under the exchange of forward and backward
directions (n <> n), we only need to consider two of the eight phase-space configurations,
which we refer to as “nnn” and “nnn”. The phase-space measures for the two cases read?

3 3
dq)ggg = j\% (H[dkﬂ) X 5(1 — B123) X (H 9(0[1 — ,81)> s (29)
€ i=1

=1
3 2
dPyps = /\% (H[dkﬂ) X 0(1 — P12 — az) x (H 0(cvi — 5i)> x 0(B3 — as). (2.10)
€ i=1 =1

3This is the case for three soft gluons, in case of soft gluon plus soft quark-antiquark pair emission we
symmetrize the integrand.

“We note that we have set 7 = 1 in egs. (2.9), (2.10) and in what follows. The dependence on 7 can be
restored by means of simple dimensional analysis, whenever required.



Figure 1. Different contributions to the zero-jettiness soft function at N3LO, see text for details.
Only contributions with final-state gluons are shown. Diagrams to the right of the cut are complex-
conjugated.

We assumed that in the nnn case, cf. eq. (2.10), partons 1,2 are emitted into the same
hemisphere and parton 3 into the opposite one. Furthermore, we have introduced a nor-

malization factor

B 0d-2) B (4m)e
Ne = 4(2r)d=1 1672 (1 —¢) (2.11)

The N3LO triple-real emission contribution to eq. (2.3) is then written as

SO = SRR = N3 |2 (999 + 8907, ) + 6 (S92 + S9L) | . (2.12)

nnn nnn nnn nnn

ad

This leaves us with four quantities to compute; they read

1 _ _
Sg%]l:g/d@eee[’Jggg(nﬂ%kl,kQ,ks)\QJr(n<—>n)], (2.13)
1 _ _
Sgi%z5/dq’eeé[’Jggg(n,n,k1,k2,k3)\2+(n<—>n)], (2.14)
Sg?gl:/dq’eee[|nga(n’ﬁ,/€1,/€2,k3)l2+(n<—>ﬁ)], (2.15)
st _ 1[4 3| (1gaa(n 2, Ty o, eg) 2+ (ks < eg) + (kr 5 kg) )+ (n o )| (2.16)
nnn 3 000 gqq\Tty Tby 1y 2, 3 2 3 1 3 . .

The eikonal functions Jygq(n,n, k1, k2, k3) and Jgeq(n, n, k1, ko, k3) describe the soft limit
k1 ~ ko ~ ks — 0 of the tree level matrix elements squared of the processes fo(pa) + fo(ps) —
X + g(k1) + g(k2) + g(ks) and fo(pa) + fo(ps) — X + g(k1) + q(k2) + q(k3), respectively,
where X is an arbitrary color-neutral state. These quantities are known; the three-gluon
eikonal function was computed in ref. [116] and the eikonal function for the ggq emission
can be found in refs. [117, 118].

We have re-calculated both eikonal functions for the required case of two hard partons.
To do this, we generated all required diagrams for the above processes using DIANA [119],
which internally calls QGRAF [120], employed the “soft-gluon rules” [121] and manipulated
resulting expressions using FORM [122-125]. Complete agreement with the results in the
literature [116-118] was found.

The eikonal functions that need to be integrated over zero-jettiness phase space contain
the following inverse propagators

]-/Dl S {q klvq : kl])q : k123akz'2j 7k%23}a q= n’ﬁ7 17&] = 152537 (217)



where k;; = k; + k; and k123 = ki + ko + k3. In section 4 we explain how to use the
integration-by-parts technology [106] to express integrals in egs. (2.13)—(2.16) through a
smaller set of master integrals. However, before doing this, we will discuss a peculiar issue
that we encountered while working on the computation of the soft function, namely the
existence of integrals that are not regulated dimensionally.

3 Integrals not regulated dimensionally

In refs. [4, 5] we have pointed out that some master integrals required for the triple-real
contribution to the N3LO zero-jettiness soft function are not requlated dimensionally.> Our
calculation is not the first one to face this problem in QCD perturbation theory [126-128]. The
standard way to treat this problem is to introduce an analytic regulator into the integration
measure for all integrals. Unfortunately, the new regulator — which appears alongside with
the dimensional one — makes the required computations significantly more complex, so that
finding ways to avoid ill-defined integrals becomes important.

Our experience with computing the N3LO real-emission master integrals for the soft
function indicates that several conditions need to be satisfied for such integrals to become
unregulated. In particular, it is necessary that one of the Sudakov variables is small, and the
other one is large, that their product is O(1) and that it appears in one of the propagators.

This can be understood from the fact that the integration measure d® depends on the
3

dimensional regularization parameter through a factor [] (a;3;)~¢. Obviously, if oy ~ 1/ay,
i=1

Bi ~ 1/B; or oy ~ 1/B;, the dimensional regulator becomes ineffective.

To understand if such scalings lead to integrals with a non-vanishing support, we can
assume, without loss of generality, that the smallest variable is 81 ~ A — 0 and that the
largest variable is either a; ~ A™! or ag ~ A71, or s ~ A~L. We are interested in finding
integrals where the A — 0 limit is non-trivial, and leads to non-vanishing integrals that
are not regulated dimensionally.

Consider the case 81 ~ X and a1 ~ 1/\, with A — 0. Inverse propagators with non-trivial

dependence on «q and (37 become
ar+z--—aq, fr1+r—x, k%2—>041ﬁ2, k%g—ﬂ)élﬂg, k%23—>041(62—|—63), (3.1)

where x denotes a generic O(1) quantity composed of Sudakov parameters of the soft partons.
We also drop (51 from the §-function constraining the zero-jettiness. It follows that integrations
over oy and B factorize, which implies that the region with £; ~ A, &y ~ A~! has no support.

We continue with the region B; ~ X, B2 ~ A~!, where the following relations for inverse
propagators hold

Botm-— o, Br+a—, kiy— fac,  kiz— Pac, kigg— Pa(an+as). (3.2)

Similar to the previous case, the factorization of 51 and o integrations implies that this
region has no support.

5Note that this problem did not arise for the real-emission contributions with two real partons both at
NNLO and N3LO [2, 6].



For the remaining option 51 ~ A, ag ~ 1/, the main difference compared to the previous
cases is that the propagator

kiy = 012 + aafi — 2v/ a1 1o cos dra, (3.3)

does not simplify, because all terms on the right-hand side of eq. (3.3) are of the same
order. Since we are interested in the region 7 < «a; and (2 < a9, partons 1 and 2 are
emitted into the same hemisphere. Incorporating the zero-jettiness constraints for the two
partons, 0(a; — f1)0(as — B2), we change the integration variables 51 — riaq, ag — f2/r9,
with 719 € [0,1].

As we already mentioned, the critical new element in this region is the inverse propagator
k3, which does not simplify. This propagator depends on the relative angle between directions
of the transverse components of the four-vectors k2. To perform the integration over
k12, we write

kiy = a1 (1 + 2) (p-p12), (3.4)

where we have introduced two (d — 1)-dimensional vectors p and pj2 such that p? = 0 and

P2y =1 —4riry/ (r1 4 r2)?. The required integral over angles is then easily computed using
eq. (D.32). We find

= ; T (3.5)

. /de Dol I8, (%)
Qa—2) Qa-2) (k)" a5y (1+%>

where Ic(ll—)z;n (p?) can be extracted from eq. (D.36). Using eq. (E.4), the result can be

simplified, and we obtain

1
X, = 7{9(?"2 —7’1)2F1 (n7n—|—g;1 — g Tl)
(12)” T 56
n .
+<742> 9(T1—T‘2)2F1 <n,n+5;1_5;r2>]
T1 r
Next, we need to integrate over ry,7r2. The generic integral reads
1 P
Efl"b) - /dm/drl riEr e Ry (n,n—i—e;l —&; Tl)
b 7_.2
O (3.7)

n
+/dr1/dr27"a5b+€< ) gFl(n,n—l—e;l—a;rz),
1 1

where a and b are integers, and powers of ¢ arise from the integration measure after the
variable transformation. We change the integration variables as 1 = zy,ro = y, and ro = zy,
r1 = y in the first and the second integral, respectively. We find

1

d
4y jasbe2 /dz (Za—e i Zb+€+n) oFi(n,n+e;1—¢,2). (3.8)
)

[I]
“ 3
o\



The integral over z is regulated dimensionally, but the integral over y is not. In fact, the
integral exists for a + b 4+ 2 > 0 but not for other values.

To obtain a fully-regulated integral, we need an additional regulator. We do that by
introducing a factor 37584 into the measure for nnn integrals and By 85 af for nnn integrals.
Of course, in the above discussion only the 7 factor is relevant, but since we aim at modifying
the measure in such a way that all integrals are regulated, momenta components of all soft
partons must appear. Since 8¢ = (r11)”, the computation proceeds unaffected, except that
in egs. (3.7), (3.8) a becomes a + v and the potential divergences for 2 +a +b < 0 are
regulated. The integral in eq. (3.8) with a — a + v evaluates to

—m) _shh(nnt+eltatv—gl—g2+atv—egl)
._.a,+l/7b_ (1+a+y—€)(2+a+y+b)

3.9
sFho(nyn+e,1+b+n+el—e2+b+n+¢e;1) (3.9)
+ .
1+b+e+n)(24+a+v+Db)
The 1/v pole arises for 2 4+ a +b = 0.
We note in passing that even if the equation a + b = —2 is satisfied, this does not

immediately imply that a particular integral has a 1/v divergence. The reason for this is that

such a divergence may be multiplied by an unconstrained (scaleless) integral over another
.:(n)

—a+v
For the particular choice of small and large parameters that we discussed above, the first

Sudakov parameter, or that the residue of p at v = 0 vanishes.

option may occur because of the integration over a;;. Hence, unregulated integrals in this case
must involve denominators of the form a; 4+ x. The master formula for such integrals reads

[e.9]

/ doy 04717'1 . r (nl) r (nQ - 111) M2 (3.10)

ar (g +z)m2 T (n2) ’

where z stands for other O(1) Sudakov parameters. Note that in our example, x in eq. (3.10)
can only be ag, which shows that one needs at least three partons for the unregulated
term to occur.

The above analysis can be used to identify integrals that are not regularized dimensionally,
and to remove all IBP relations that involve them from the system of equations that one

employs to find master integrals. We refer to this procedure as filtering. To determine affected
2

I
f-functions’ constraints are such that partons ¢ and j are emitted into the same hemisphere,

integrals, we find all integrals that contain at least one propagator 1/k;;, make sure that
consider the two cases 3; ~ 1/a; — 0 and 8; ~ 1/co; — 0, expand remaining propagators
assuming that all other Sudakov parameters are O(1) and determine parameters n,a and b
that appear in the function Egng . If for a particular integral a + b+ 2 < 0, it is declared to be
ill-defined without the regulator and all equations that contain such an integral are removed
the system of IBP equations. If, however, the condition a + b 4+ 2 > 0 holds, all equations
that contain such integrals are retained and used in the course of the reduction to master
integrals. This procedure can be conveniently summarized as a set of power-counting rules
for the denominators listed in table 1. We emphasize that, for this analysis, it is important
to derive the IBP relations keeping the analytic regulator non-vanishing, v #£ 0, since an
ill-defined integral may have a coefficient that is proportional to v. Finally, we note that the



D. ,81 ~ )\, Qg ~ AL
! integrand ‘ scaling

ki kit 1
k%3 04153 1

k§3 o33 A1

ko 233 At

a1 + a9 (%) AL
a1 + a3 a1 + as 1

ag + a3 Qg At

al + oz + a3 ag AT
B1 + B2 B2 1
p1+ B3 B3 1
B2 + B3 B2 + Bs 1
B+ B2+ Bs || B2t B3 1
a o 1

a9 a9 A1
a3 a3 1
b1 b1 A
B2 B2 1
B3 B3 1

Table 1. Scalings of all possible propagators that appear in the soft function. All other configurations
can be obtained through permutations of soft momenta k;. To classify an integral, one can simply
replace all inverse propagators with their A-scalings and read off the overall factor A\P. Integrals with
p > 0 are well-defined without the regulator, while those with p < 0 are ill-defined. Integrals with
p = 0 are potentially 1/v-divergent which can be checked directly without much effort.

redundancy of IBP equations and a very specific set of conditions that integrals must fulfill
to be ill-defined, ensures that only a small set of v-dependent master integrals® is needed at
the end of the calculation. Such master integrals are explicitly computed in section 5.2.

4 Integral reduction in the presence of theta functions and additional
regulators

It is well-known [129] that one can simplify the calculation of phase-space integrals by mapping
them onto loop integrals and treating them using conventional multi-loop methods. In this
section, we explain how to do this for the integrals of the eikonal functions in egs. (2.13)—(2.16).
We would like to express integrals that are needed for the computation of the soft function
through a smaller number of independent “master integrals”. Computational methods that
we use to achieve that have been discussed in ref. [4]; we repeat them here for completeness.

Reduction to master integrals simplifies the computation in multiple ways. On the
one hand, it minimizes the number of integrals that we need to calculate; on the other
hand, it also decreases the complexity of the calculation because master integrals are often

SFurthermore, only divergent parts of those integrals are needed.

,10,



simpler than the original ones. Furthermore, the reduction establishes algebraic relations
between integrals offering the flexibility in choosing which integrals to compute and which to
obtain from such relations. Also, availability of the reduction enables useful crosschecks by
comparing explicit computation of integrals with their expressions through master integrals.
Finally, a working reduction is the prerequisite for deriving differential equations satisfied
by master integrals, see section 6.

The reduction to master integrals follows Laporta’s algorithm [130] and proceeds in
the following way. Omne derives a large-enough system of linear relations among the inte-
grals relevant for the problem at hand using integration-by-parts (IBP) identities [106] and
symmetries of the integrals. Then, introducing a measure to order integrals in complexity,
one solves the homogeneous linear system using the Gauss’ elimination method, expressing
many complex integrals, in terms of a few simpler integrals. These remaining integrals are
called “master integrals”.

We note that the general approach described above is well-known and broadly used for
perturbative calculations in quantum field theory. However, it proved to be very challenging
to realize it for integrals that are needed to compute the soft function. Below we describe
the challenges and explain how they are overcome.

IBP relations. Linear relations between integrals are obtained using the IBP technol-
ogy [106], based on the observation that for properly regularized integrals the following
formula is valid

0= [TI%: g (S04, D). (11)

In the above equation, v is either one of the loop momenta k; or one of the external momenta
pi, and the integrand f is a product of propagators (see eq. (2.17)) raised to arbitrary powers,
0-functions that ensure that partons are on-shell and that the zero-jettiness has a definite value,
and f-functions that allow us to resolve the zero-jettiness constraint.” In principle, computing
derivatives under the integral sign in eq. (4.1) is straightforward and, once this is done, that
equation provides algebraic relations between different integrals that we seek to exploit. In
practice, there is a problem of differentiating §- and 6-functions that we now discuss.

We deal with all §-functions by employing the reverse unitarity idea [129, 131], which
amounts to writing

i i 1 1 1

o) =1, 52 sy ~ s = Lo, “2)
The “cut propagators” appearing on the right-hand side of the above equation can be easily
accommodated into the IBP technology.

It is useful to classify appearing integrals in terms of the integral families, defined by
complete and linearly-independent sets of generalized propagators with respect to algebraic
relations that involve scalar products of all four-vectors in the problem. Such a classification
allows one to re-write scalar products that appear in the numerators of phase-space integrals

"As we already mentioned, not all integrals that are needed for computing the soft function are regularized
dimensionally. However, once the analytic regulator is employed, IBP relations are applicable.
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uniquely through the denominators, and to represent integrals in a compact way using
denominators raised to positive or negative powers. We will explain shortly how the integral
families for the computation of the soft function are constructed.

However, before doing that, we discuss how the #-functions, that determine a hemisphere
into which a particular soft parton is emitted, are incorporated into the IBP formalism.
Schematically, modified IBP relations can be written as follows

/(Hd%) éWv!afe[]
— /(Hddki> {d Ouk; fOlg] +0lg] v ak:“f—'_fé[ glv 82?9}'

The three terms that appear on the right-hand side of the above equation are quite different.

(4.3)

In the first two terms the original #-function is unaffected, which means that they would not
change even if the f-function constraint was removed from the integrand. The last term in
eq. (4.3), where the f-function has turned into a J-function with the same argument, is the
contribution of the boundary that now occurs at finite values of partons’ momenta.
Making use of this observation, we derive IBP relations that connect integrals with
a certain number of #- and J-functions to integrals with the same number of 6- and §-
functions, as well as integrals where the number of §-functions is decreased and the number
of d-functions is increased by one. Repeated application of IBP relations to boundary-type
integrals decreases the number of #-functions further, until we arrive at integrals where all 6-
functions are replaced by d-functions. Integrals with §-functions and no #-functions close under
the integration-by-parts identities thanks to reverse unitarity, so once this stage is achieved,
no new types of integrals appear. To incorporate both #- and J-functions with arguments
+(a; — i), we generalize the notation for the phase-space in egs. (2.9), (2.10) and write

3
o J\% (H[dki]> 6(1 — Prg3) x (H filoi — Bi ) ; (4.4)
e \i=1

3
Ay p, 7 = /\% (H[dkﬂ) x 6(1 — B2 — as) (H fiai — Bi ) X f3(Bs —asz).  (4.5)
e \i=1

The functions fi23 represent 6- and J-function constraints.
As an example, consider the IBP relation®

0= / Ay _ / AP,y 71y
Oy (k1 -k2)(kiz - )2 (kz - n)(ky-) ) (k- o) (ka2 - ) 2(kz - ) (R - 1)
2kh nt kY g i
l_ k3le [L—hiz-n—ks-nle  (ki-ko) (k2-7) (k2 n)] e

512 az)0(ar — B1)0(B3 — a3) _
/H b e e Tl ey 02— ko).

8We note that the derivative on the left-hand side does not act on the volume differential d%ks. Furthermore,
recall that a; = k; -7 and B; = k; - n.
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The first five terms on the right-hand side of eq. (4.6) arise when the derivative acts on
either an eikonal or a cut propagator from the phase space; we will refer to such terms as
“homogeneous”. The last — “inhomogeneous” — term in eq. (4.6) describes the non-zero
boundary contribution. Writing the d-function which originated from the derivative of the
f-function as a cut propagator, it is easy to see that the resulting propagators cease being
linearly independent. Although the presence of linearly-dependent propagators is in itself
not fatal for the IBP technology, it does create multiple inconveniences because of hidden
linear dependencies between integrals which may significantly increase the complexity of
intermediate expressions.

To get rid of these problems, we perform a partial fraction decomposition by multiplying
the last term in eq. (4.6) by 1 = [k1 - 72 + (k2 - 1 — ko - n) + ko - n] / [k12 - 7). We arrive at?

_ d®ygg
0= / (k1 - ko) (k12 - n)% (ko - ) (k1 - 1)
[_Z(klg-ﬁ—kl-ﬁ)_ n-n B ki-n _ n-n
[k‘%]c [1 — klg n — k3 . ﬁ]c (kl . kg) (kg . n) (4.7>
—(n-n d@géé 1 (kg'ﬁ—kg'n) 1
) | e | ) G ) o )
—_—

=0
After this step, all propagators in the two integrals in the above equations are linearly
independent, and we proceed with defining the integral families. The primary distinction
between families is the number of - and §-functions, and the types of propagators they
contain. We show the IBP relations and the way they connect the various types of integral
families in figure 2.

Analytic regulator. In section 3, we have argued that some integrals, needed to compute
the zero-jettiness soft function, are not regularized dimensionally. We have also explained
that one can regularize such integrals by introducing the analytic regulator v. The modified
measures read

3
dq)?lf2f3 = ./\1/53 (H[dkl]) B123 <H fz /81 Bu> (4.8)

3
dq);lhfs ./\1@3 (Zzl_[l[de]> X 0(1—t193) X (Hfz ) X f3(B3—as)ak, (4.9)

where t193 = [12 + a3. A significant drawback in using the analytic regulator is that it
changes the IBP relations. To illustrate this, consider the same IBP relation as before, but
with the analytic regulator. We find

0= /ﬁhd>%wfﬂﬁ 0"
9 0 vf8[g](v-q)(k;-

9We note that the second term in the last line of eq. (4.7) has the form ~ xd(x) and integrates to zero.

(4.10)
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where ¢ = n,n depending on the choice of k; and the configuration of the integral. The
last term on the r.h.s. of eq. (4.10) is caused by the regulator and, generally, also requires
an additional partial fraction decomposition.

Symmetry relations. In addition to linear relations provided by the IBP equations, there
are also symmetry relations between integrals. In the nnn case, the phase space is symmetric
under the re-labeling of partons’ momenta. In the nnn case, the phase space is symmetric
under the relabeling k; < ko.

In the nnn case, integrals with d-functions can be simplified further. For example,
interchanging ko <> k3 and n <> 72 leaves the 600 phase space unchanged. Furthermore, there
are two types of nnn integrals that can be mapped onto the nnn configuration entirely. First,
for integrals with f3 = §, we can write

6(1 = Bi2 — az)d(as — B3) = 0(1 — P123)d(8s — as) . (4.11)
Second, for f; = fo = §, we find

(1 — B2 — az)d(ar — f1)d(ae — B2) f3(B3 — 3)
"2 (1 — arz — B3)0(B1 — a1)d(Ba — a2) fa(az — ) (4.12)
= 0(1 = Br123)d(a1 — B1)0(a2 — B2) f3(as — B3).

Hence, we only need to consider integrals of the 000-, 500- and 056-type for the configuration
nnn. The symmetry relations are also illustrated in figure 2; they are heavily used to
simplify the reduction.

Details of the technical implementation. Following the sequence of steps described
below, we express the phase-space integrals in egs. (2.13)—(2.16) through fewer and less
complex master integrals.

o Using the partial fraction decomposition to resolve dependencies between the zero-
jettiness constraining d-function and the eikonal propagators, we map all 860 integrals
onto a set of O(100) families. They are constructed in such a way that they close under
IBP relations with the analytic regulator v.

e Starting from these families, we determine all lower-level families which arise when 6-
functions turn into d-functions. Again, these families are constructed in such a way, that
they close when the term with the analytic regulator in the measure is differentiated.
We arrive at additional O(100) and O(200) integral families for the nnn and nnn
configuration, respectively. The partial fraction decompositions we use in this step are
not unique; to ensure that these definitions suffice to uniquely identify integrals in terms
of families in the entire IBP setup, we had to choose a global ordering of propagators
that we keep through the entire calculation.

o It is easy to derive the homogeneous parts of the IBP relations for generic powers of
propagators for each integral family. To obtain a complete IBP relation, we need to add
terms that arise from the derivatives of Heaviside functions and measure factors raised
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to power v. We add these terms on-the-fly, while generating relations for a specific set
of indices (i.e. for a particular seed integral) which makes this step rather slow. We
do so, because inhomogeneous terms require partial fraction decomposition, using the
chosen ordering, as well as the integral-family identification.

The issue of generating sufficiently many linear relations, to have a reduction to the
minimal set of master integrals, did play a crucial role in the calculation. Choosing a
large-enough seed-list for complete reduction to occur, yet the seed-list that we could
still handle with available resources, proved non-trivial and required a significant amount
of trial and error.

o We use Feynson [132] to derive symmetry relations between integrals.

o We use Kira®FireFly [133-135] to solve the resulting linear system of equations as a
function of d and v. Since we expect that the soft function is regular in the limit v — 0,
it is useful to choose master integrals in such a way, that they remain independent in
the v — 0 limit. Good candidates for such basis can be found by studying the system
at ¥ = 0 and requiring that the v = 0 master integrals remain master integrals also in
the v # 0 case. With this informed choice of basis, the reduction requires a runtime of
about 10 days on 32 cores, compared to about 70 days without this optimization.

Proceeding along the lines described above, we arrive at the following result for the
soft function'”

~ 123 oy 189, 4 .
§999:990 — N7 g, [ N B 4 S G+ O(), (4.13)
=1 =1 =1

where we have taken the v — 0 limit wherever possible, such that the reduction coefficients a;,
b;, ¢; only depend on e. Using the power counting rules from section 3, we find four integrals
{Iz-l/ “} that contain a 1/v singularity but, thanks to the choice of basis, they appear in the
soft function with a prefactor v. Furthermore, in eq. (4.13), we have separated v-regular
integrals according to whether or not they contain the 1/ky5 propagator.

The reason for this separation is that these three classes of integrals are computed
differently. Indeed, in the following section, we will show that direct integration allows us
to compute master integrals without the 1/kf,; propagator {IZC\%Z&}, as well as the 1/v parts
of master integrals {Iil/ “}. After that, we consider the most complicated set of integrals
{If %23}, which we compute by modifying these master integrals through the introduction
of an auxiliary parameter, followed by constructing and solving differential equations with
respect to this parameter that the modified master integrals satisfy.

5 Integrals without 1/k2,, propagator and 1/v-divergent integrals

In this section we discuss the calculation of master integrals without the 1/k%,; propagator,
and the 1/v-divergent integrals. These integrals are computed by a direct integration over
the light-cone coordinates of soft partons a and . All in all, 127 integrals are calculated
in this way.

19%e note that not all integrals contribute to all channels/configurations, so some of the a;, bi, ¢; are zero.
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Figure 2. Relations between integrals. IBP identities relate integrals to those where one of the
f-functions is replaced by a J-function, as illustrated by black arrows. Rectangular boxes represent
sets of integrals which are processed using integration by parts, and no mapping onto other integral
families is performed. Oval-shaped empty boxes are mapped into the same-hemisphere configuration as
indicated by red arrows. After momenta re-naming, shown above the green arrows, filled oval-shaped
boxes are mapped onto unique topologies.

bil f2 f3 Variable change Splitting
dDsgg | 0 (a1 — B1) O(aa—B2) O(as—PBs) | a1 = Prog— 2 a5 5 —
d®sp5 | 0 (a1 — B1) O(aa—P2) O0(fs—a3) | a1 = S, — %,ﬁ3 - @ -
d®gss | 0 (a1 —p1) d(az—pB2) d(az—fF3) | a1 — f—ll,aQ — B, a3 — fBs -
d®psg | 0 (a1 — 1) 6(aa—f2) O(az—f3) | a1 — %7042 — B2, 3 — % r1|rs
d@ps5 | O(ar = B1) S(aa—Fa) O(Bs—as) | a1 — 22 a0 — Bo, B3 — % —
dPyeg | 6 (a1 — 1) Olaz—B2) O(Bs—as) | an = Pap = 72,85 % | riry
d®gse | 0(B1—a1) (ae—P2) O(az—pB3) | f1— %1,042 — B, B3 — % —
dDggy | 0(B1 — 1) O(oz—B2) O(az—Ps) | 1 — 2ap — 2 83— % -

Table 2. Summary of applied variable changes and integral splittings according to d— and #-function
constraints f;. Splitting of the integration domain into r; < r; and r; < r; sectors is required only if
the integral contains the propagator 1/k; - k;.
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5.1 Integrals that do not need an analytic regulator

An important property of the eikonal function is that all integrals without the 1/kf,,
propagator, needed for computing the N3LO contribution to the soft function, can have
up to two scalar products between momenta of different soft partons. Hence, owing to the
possibility of relabelling soft momenta, we write such integrals as

on = | b ] ./H<&§ﬁﬂaww)MMLWDﬂmp 51)

In the above equation, the phase-space measure d®y, ¢, ¢, is given in eqgs. (4.4), (4.5), and we
used the Sudakov decomposition in eq. (2.6) to express all denominators other than 2k; ks
and 2k k3 through {a} and {3}, collecting them into the rational function R. The non-trivial
dependence on the relative azimuthal angles between soft-parton momenta is encapsulated
in the angular integral €,,,. It reads

(d—2) (d—2) (d—2)
I /d% doji=?any! 5.

M=) ) 2k - ko] 2k - ks]™

To compute this integral we use the fact that we can integrate over angles of partons 2
and 3 independently. Furthermore,

_ 1
1 / dQ;(ff ? _ 15 )Qn(plzj) (5.3)
QO d—2) [2]{2 . k]]n (0516] + ajﬁi)T“ .

where Ifi ) can be found in eq. (D.36) and pf; = (i3 — a;Bi)? ] (aif; + ajB:)?. Tt follows that

Ic(zl_)z;n(P%Q) Iél—)Q;m(p%?))
(B2 + azf1)" (a1fB3 + asfr)™

For each specific set of the jettiness constraints represented by functions f; in eq. (5.1), we

Qnm =

(5.4)

change integration variables following table 2. We then simplify the hypergeometric functions
appearing in functions [/ @ by applying the transformation in eq. (E.4). For configurations
where two soft partons are emitted into the same hemisphere we split the integration region and
introduce new variables r;, cf. table 2, to map the integration regions onto the intervals [0, 1].

We note that the transformation eq. (E.4) that we apply to simplify angular integrals
involves the absolute value of p;;. In principle, p;; does not need to be positive-definite, but
there are cases when it can be. Indeed, this happens if the two constraints f; and f; are
fif; € {46, 65, 60}. Then, using variables defined in table 2, we easily find

00| _
ij | =

1—7"j

1—7"1"1“]'
1+7"j’

1 +7"Z"I“j7

05 _1—7"1'

Y 1+’r‘i7

Pij (5.5)

where 0 < r; ; < 1. Superscripts in the above equations are introduced to indicate constraints
on partons ¢ and j. However, if f;f; = 00, so that the two partons are emitted into the same

hemisphere, we find |p;;| = |r; — rj|/(ri +7;). In this case, we have to write
i =Ty Ty —Tg
=46 +0(r; —r; , 5.6
] = 0075 = 15) Z 2 000y ) P (5.6

,17,



to get rid of the absolute value.

Hence, after integrating over azimuthal angles in integrals I,,,,, in eq. (5.1), and changing
the integration variables as in table 2, we obtain integrals over variables «;, 5;,7; which are
at most six-dimensional. Furthermore, at least one of the integrations can be performed by
removing the § function that fixes the zero-jettiness value.

Calculation of several representative I, integrals for the nnn case were discussed in
ref. [4]. Below, we will consider examples of new master integrals with three 6 functions,
which appear for the first time in the nnn configuration. We begin by considering an integral
without scalar products between momenta k; and k;. The integral reads

do
J = / L — 5.7
(k123 - n) (k123 - 1) (5:7)

We choose the parametrization according to table 2 and note that for this integral the splitting
of integration variables 7 2 into 1 < re and ro < r; is not necessary. We then integrate over
a3 to remove the zero-jettiness constraint, and change the integration variables, 81 — x y
and B2 — = (1 —y). We obtain

1 _ 1—2¢ ..3—4¢,.—1+e_ . —14e —1+4¢ 1 - 1—2¢. 1—2¢
J = /dl‘dydTldng’rg( (13) z ™1 ) T3 ( Z/) Yy
(zroy + 71 (ra(1 —2) +2(1 — %)) (1 — z + r3x)

(5.8)

The integrations over r; and r3 can be performed in terms of the hypergeometric functions.
We find

1
1
== /dxdydrg(l _ l‘)_25$2_457“2_2+6(1 _ y)l—Qay—Za
2 (5.9)

X 2k <1=5; 1 +¢; _ﬁ) 2 F1 (1,6; 1+¢; —w) ,

xra2y

We note that arguments of the hypergeometric functions in the above equation look com-
plicated, suggesting an increased difficulty compared to integrals needed for the nnn case
discussed in ref. [4]. However, upon closer inspection, the singularity structure of the integrand
in eq. (5.9) turns out to be quite simple, as could be expected on general grounds. Indeed, since
the hypergeometric functions in eq. (5.9) diverge logarithmically at the integration boundaries,
the singularity structure is entirely determined by the double pole at ro = 0. To isolate it, we
apply the transformation shown in eq. (E.3) to both hypergeometric functions. We then find

1 )
== /da: dy dre (1 — x)*5m2*55r2_2+26 (re+ax(1—r2)(1—y)) "
€ (5.10)

X (1—g)"2y 2F1(€€1+€$)2F1(651+5,%).

To subtract the double-pole singularity at ro = 0, we need to extract the different ro — 0
branches that are contained in the last hypergeometric function in eq. (5.10). This can be
easily done using eq. (E.2), and we find

J=J@ 4 go (5.11)
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where

a _P(l_E)
M =taTo

X (rg +x

dxdydrsy (1 — m)_ax2_35r2_2+2€(1 _ y)l—Zay—a

—

(5.12)

~—~~ O

1—ro—y)) “2F(c,6;1+¢52),

5 — 1 /d.%'dydTQ (1 _ l’) € 3 3e —1+2€(1 _ y)1—25y1—25
(5.13)
2F1 (6757 1+e;x)
X
(ro +z(1 —7r2)(1 — y))

Integral J(® can be integrated over ro using eq. (E.7); the result reads

zyr
o F1 (17 1;2 - (r2+m(1 7’2?(1—9))) )

]_ —
J(a) — 266_ 1 /dxdy sx2745(1 . y)173sy75

(5.14)

r—1
X oFi(e,e51 4 ¢52)0F (5,—1+2£;2s; >
( ) z(1—y)

The integrand of J® has a simple pole at 7y = 0 which can be easily subtracted. Finally,
we expand the integrand for J(® in eq. (5.14) and the subtracted integrand for J®) in e
using the package HypExp [136, 137], and integrate order by order in ¢ with the help of
HyperInt [138]. The result for the full integral reads

5 215 /11 ., 343 1999 7 . 14
J=—mg = 2_ R ) o (£2). 5.15
1222 726 +<72 24)+5< 36 T t3e)t (5> (5.15)

We continue with the discussion of an integral involving two scalar products of different
soft-parton momenta

N d®yeg
= / (k13 - n) (k2 - n) (k1 - k3) (k2 - k3)

Proceeding as discussed earlier, we integrate over the azimuthal angles of the three partons,

(5.16)

change the integration variables following table 2, and integrate over as removing the
zero-jettines § function. We find

B (rirars)”
— 14+2e —
(ﬂlﬁz@lz) (51 + 7“1512) (5.17)
X o (1, 14+e1— E;T‘1T3) o FY (1, 14+e1— 5;7‘27“3) ,

1
/ﬁ1d52 (1—p2) /dT1dT2dT3
0

where 12 = 1 — B12. We change the integration variable 5, = t(1 — B2), integrate over 79
using the definition of the generalized hypergeometric function in eq. (E.8), and obtain

(1 ﬁ2)71748 /82_1_26 (1 . t)*lf2€ t_25
ri+t—rit (5.18)

I_

(1 i E /dﬂgdth’ldT’y,

X oF (L, 14+e1—g;rr3) sFa(L,14+e,14+61—¢,2+¢;r3).
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This expression can be further integrated over [o and t. Integration over (o results in
I-functions, and integration over ¢ leads to an oF} function with the argument 1 — 1/rq,
which can be simplified using eq. (E.3). Proceeding along these lines, we obtain

213 (—2¢)

—(1+€ JT(=62) /dxdy( ) oF1 (1,141 —¢e;2y)

(5.19)
X oF) (1 —2e,—4e;1 —4e;1 —x)3Fh (1,1 46,1461 — 6,24 ¢5y).

Since this integral is finite, we compute it by expanding the integrand in € and integrating the

resulting expression. To do this, we use the packages HypExp [136, 137] and HyperInt [138].

The final result reads

72 3 1 9 1
I=——(272%2-1 — 54Cs + — 4)
<2 8C3) (271' 54¢s + 1207

27 1 125 , 837 )
—5(27r—162c+407r + <3—c5) 0(e).

The above examples demonstrate how the calculation of integrals that are regulated

(5.20)

dimensionally and do not contain the 1/k%,3 propagator is performed. Although these
computations are not easy and, quite often, integral representations for nnn integrals look
quite complex, in comparison with their nnn counterparts they have a simpler structure of
singularities and require a smaller number of subtractions before the expansion of integrands
in € can be performed.

5.2 1/v-divergent integrals

There are 4 master integrals that become divergent if the analytic regulator is sent to
zero. They are

Jri / d‘1>095 515253) (5.21)
kfos (K N +az)pr’
v d@eea (51/3253)
L = / : 5.22
2 (k1 - k2) (a1 + as)asfr (5:22)
v d® g5 (B15203)"
L = / 066 : 5.23
’ ks k2)(oa + as)(B1 + B2 + B3) 51 (5.23)
v d®yy; (B18203)"
"= / 660 . 5.24
! (k1 - k2)(a1 + as)az(Br + B2 + Bs) A (5.24)
The integrals Il/ have been computed previously in ref. [4]; they read
1 T2(=2e)(—4e — )I(1 + 2¢)
0 =vt 0 2
1 v I'(—6e—1) Cle) + O, (5.25)
v 1 I2(—2e)T(—4¢)T(1 + 2¢) 0
L' =v T(Z60) C(e) + O, (5.26)
where
1 =(1)
Cle) = lli% {V“ufl,fl]
_sbh(Ll+el4el—-6241) 3F(l,1+4e-cl1-c1-¢gl) (5.27)
B 1+e¢ 5 '
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We have discussed the origin of the 1/v singularities in section 3, and described steps
required to extract them. Although those steps are sufficient for obtaining the 1/v poles of

I ; ’Q’, we find it instructive to discuss the calculation of the 1/v poles of these integrals in detail.

We begin with I i/ ”. The 1/v singularity in this case originates from the integration region
B1~ oy L5 0. We integrate over the relative azimuthal angle between k; and ks, and obtain

Ii/l’ /d,@ldﬁgdagﬂ 25+u5 2e+v _28+V/d7'1d7’2 7,2 2 P 2/dﬂ3,33
" 6(1 = f1 — P2 — a3)
(B1/r1 + asz)(B2/r2)(B1 + B2 + B3) b1

x 2F1 (1 L+el—e )+7’19(T2—T1)2F1 <171+8;1—6;Tl>},
1 9

2| 2 0(r1 — 1) (5.28)

where 7; = (5;/a; are the new integration variables. Because of the scaling relation between 1
and g, and since other Sudakov variables are O(1), we find r; ~ 51 — 0 and r2 ~ a5 L.
Approximating the integrand, we find

I~ / dB1dBadas By 2T By 2= q / drydry 5252 / dBsB;°
" 01— B2 —az)
(B1/r1 + a3)(B2/r2)(B2 + B3) 1

x o (1 1+el—¢; )+T10(T2T1)2F1 <1,1+5;15§Z;>}-

2[7“29(7’1 — 7’2) (529)

The integral over (3 is easily computed using eq. (3.10). Keeping the 1/v pole, we write

I, = 20(~2)T(1 + 2¢) Cf)
1 % (5.30)
—2e —3e—1 o N —e 1 1
><[3/dﬁ2dagﬁ2 R Gﬁ)gfdﬁ3ﬁ3 Gimam| O

where we have used eq. (5.27) to express El(,lf)l’fl in terms of C(e). The last integral in
eq. (5.30) can be easily calculated. We obtain

L
B + B3 B2

1 00
[ dBadass a3 161~ 6~ aw) [ dBusy®
0 a3 (531)
_ D(=2¢)(1 — 4e)
(1 - 6¢)

3Fy (1, 1,—2¢;1+¢,1 — 6¢; 1) .

Finally, combining the various contributions and extracting the 1/v pole, we find

[2(—=2e)T(1 + 2e)T(1 — 4e)
M= Fy(1.1,—25:1 46,1 —6e: 1 0 32
4 V&P(l—GE) 0(6)3 2( ) Ly &, +57 657 >+O(V )7 (53 )

where the function C(e) is given in eq. (5.27).
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The computation of integral I. ; /v proceeds analogously. The only difference in comparison
to I i/ ” is the presence of the propagator 1/k%,5, which simplifies to 1/(az2f3) in the region
responsible for producing the 1/v singularity. We find

[ (1 + 2e)T(—4¢)%(—2¢)
3 vl (—6¢)(1 +¢)

C(e) 3F (1,1, —2e; 62,2 + &;1) + O(W°). (5.33)

The four integrals discussed above are the only 1/v-divergent integrals that are required
for computing the N3LO QCD contribution to the soft function.

6 Computing integrals with 1/k2,, propagators using differential
equations

It remains to compute 139 integrals that contain the 1/k%,; propagator. Since we did not
find a way to calculate them by direct integration, we follow the approach described in ref. [4]

and modify this propagator by introducing an auxiliary parameter m?,

1 . 1
kiys  Kfog +m?

(6.1)

This step, applied to an original master integral I(¢) transforms it to an m?-dependent
integral J (e, m?).

There are two reasons for introducing m? in this way. First, it allows us to derive
differential equations for the integrals J (e, m?), to solve them with high numerical precision
and to extrapolate solutions to the point m? = 0. Second, inclusion of m? into the propagator
1/k%,5 enables computation of boundary conditions for the differential equations at the point
m? = oo, where significant simplifications occur. Although these simplifications are not as
radical as may be naively expected, they are sufficient for an analytic computation of the

required boundary constants, as we explain in section 7.

6.1 Constructing the differential equations

The differential equations are constructed following the standard procedure.

1. After the reduction of all integrals needed to compute the soft function, we select a set
of dimensionally-regulated master integrals that contain the 1/k%,3 propagator. We will
refer to this set as {I*2s(e)}.

2. For integrals from this set, we modify the 1/kf,; propagator as in eq. (6.1). We will
refer to this new set as {J*2s (e, m?)}.

3. For {J e (e,m?)} integrals, we generate a system of linear equations using the

integration-by-parts method, following the discussion in section 4. We need to extend
the list of integrals that we consider and include additional integrals with 1/(k%y5 +m?)
and also integrals without this propagator, to ensure that integration-by-parts identities
close. We will refer to the new list of integrals as {J(e, m?)}. We note that the presence
of the parameter m? does not affect the classification of integral families.
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4. Computing derivatives of integrals from {.J ko (e, m?)} with respect to m?, and express-
ing them through master integrals, we obtain a linear system of first-order differential
equations

WJ(& m?) = M (g, m?*)J (e, m?). (6.2)

In principle, the above procedure should be performed for integrals defined with the
analytic regulator. We have attempted to do that and found that the construction of
differential equations becomes extremely complicated, as the reduction to master integrals
involves three parameters d, v and m? making it very slow and inefficient. However, it is
important to realize that it is unnecessary to do that. Indeed, since the set of integrals I ko ()
includes integrals that are regularized dimensionally, and since introduction of m? cannot
affect this property, derivatives of J(e,m?) integrals cannot depend on v as well. Hence, it
should be possible to construct a v-independent system of differential equations that these
integrals satisfy. Our experience shows that the construction of such a system is possible but
highly non-trivial. To achieve this, we relied heavily on the idea of filtering described at the
end of section 3, which allows us to remove ill-defined integration-by-parts identities from the
sets of linear equations and set v = 0 everywhere before attempting to solve it. We note that
we have performed extensive checks of the filtering process by comparing exact v-dependent
reductions with reductions performed using a filtered system of IBP relations.

Remarkably, the filtered reduction actually achieves a more “complete” reduction than
the v-dependent reduction. In a test of the filtered reduction, we reduce those well-defined
integrals needed for the computation of the soft function and compare the result with the
v-dependent reduction.'’ Some of the integrals are reduced to well-defined master integrals,
which we reproduce exactly, while other integrals are reduced to the four 1/v-divergent
integrals I'/* discussed in section 5.2 with O(v!) reduction coefficients. We find that the
filtered IBP system reduces all such integrals, equivalently, to two well-defined integrals with
O(Y) reduction coefficients instead. It turns out that there are linear relations among the
1/v poles of the four integrals I'/¥

/v 1+ 6e 1/v 0

0" =B+ 00), (6.3)
y 1+6e 1 147 ap

Il/ = — I — I o). 6.4

3 1+3 4 e(1+3¢) 2 +0() (6:4)

In the v-dependent reduction, the I'/¥ integrals are independent, which is understandable
since higher order terms in the expansion in v of these integrals are unrelated to each other.
This fact shows that the filtered reduction correctly captures the contributions that are relevant
for the soft function and avoids the redundancies introduced by the analytic regulator v.

6.2 Solving the differential equation and constructing solutions at m? = 0

In the previous section we described the construction of the system of differential equations
for integrals that contain the 1/k%,; propagator. Any system of differential equations requires

Note that in our setup, the soft function is expressed as a linear combination of both well-defined integrals
and ill-defined integrals. The filtered IBP system can only work with well-defined integrals.
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boundary conditions. We find it convenient to compute them at m? — oo; we discuss the
details of their computation in section 7. In this section we assume that the boundary
conditions are known, explain how to solve the system of differential equations numerically,
and recover the m? = 0 master integrals I(g) that we actually require.

The system of differential equations reads

Oz (e,m?) = M (e,m?)J (s, m?). (6.5)

It contains 630 integrals. Our goal is to solve it numerically, starting from m? = oo, and
obtaining the desired m? = 0 integrals as

I(e)= lim J(g,m?). (6.6)

m2—0+

In deriving the system of differential equations it is critical to choose a basis of master
integrals that keeps the differential equations simple. In particular, it is important to ensure
that the matrix M (g,m?) contains no denominators which mix ¢ and m?. We were able to
achieve this for the system of equations that we have to solve. Even for good bases, elements
of the matrix M are rational functions of m?, comprised of high-degree polynomials with
many poles in the complex m?2-plane.

Before describing how the system of differential equations can be solved, it is useful to
make a few remarks about singularities of the integrals J (e, m?). Since these are phase-space
integrals with k%53 > 0, the mass dependent propagator 1/(k%y3 +m?) cannot develop any
non-analyticity for real positive values of m?, except for m? = 0 and m? = co. Hence, in
principle, as long as we stay away from the negative real axis in the complex m?-plane,
we can reach the point m? = 0 without having to worry about crossing singular surfaces,
where values of integrals can branch.

However, it is to be noted that the matrix M (e, m?), that appears in the differential
equation, does have singularities also in the half-plane where Re(m?) > 0. Altogether, there
are 38 poles at various values of m? in the matrix M (g,m?), coming from 29 different
polynomials in the denominator. These polynomials read

m?,+1+m?,+14+2m?, +1+4m?, £14+8m?,+9+16m?, 4+m?, —16+m?,
1+16m2,1+3m?2, —9+4m?, —3+4m?2,1+5m?, —34+8m?,4+9m?, 1+64m?,
14+4m*, 1+4m?+16m*,4+13m>?+32m*, —27+64m*, —7—36m>+96m?,
16+87m2+1024m*, 14+ 108m? —304m™* +64mS.

(6.7)

Among the zeros of these polynomials, there is a branch point at the origin, which is
our target point. There are 22 singularities located at the half-plane with Re(m?) < 0 or
on the imaginary axis of m?

m?~{—4, —1, —0.649511, —0.5625, —0.5, —0.444,
—0.33, —0.25, —0.203125 4 0.289379i, —0.2,
—0.1412, —0.125, —0.125+0.21651i, —0.0625,
—0.042480 4+ 0.11756i, —0.015625, —0.00903, +0.5i}.
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Figure 3. Singularities of M (g, m?) in the vicinity of m? = 0. The singularities located in the right

half-plane of m? are colored in red, while other singularities are colored in blue. The path that we

2

follow to move from m? = oo to m? = 0 is shown in green.

Finally, there are 15 poles in the half-plane where Re(m?) > 0,
m? ~ {0.125, 0.25, 0.203125+ 0.280379i, 0.375,
0.3966835638, 0.5, 0.5162444550, 0.5625, (6.9)
0.6495100528, 0.75, 1, 2.25, 4.362345770, 16}.

These different singularities of the matrix M are illustrated in figure 3, and, as we
already mentioned, all J (s, m?) integrals have to remain regular in the half-plane to the
right of the imaginary axis.

2 is real and positive, the phase-space integrals should also be

Furthermore, when m
real. While this sounds completely obvious, it provides a useful consistency check for the
solutions of the differential equations, especially if one starts at complex infinity and moves
towards a positive real axis.

The solution at m? = oo takes the following form

Tucleom®) = Y (m2) " logh m? B () = - (m?) " BY(e)

nlk
+ (m2)76 [Z ('mQ) - B, c (¢) + Z (m2)7n log m? B, =18 (5)1
+ (mQ)_QE [Z (m2) " B % () + Z <m2) - log mQB;L%’log ()

+ Z <m2> - log? sz;QE’logg (z—:)} ,
n

(6.10)
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where in the second step we write the relevant terms of the expansion actually allowed by
the differential equations.

We find that we require 49 constants of the type B?, 28 constants of the type B; , 26
constants of the type B, 22 and 1 constant of the type B, slog ¢ fully specify the solution.
Integrals, from which these constants are determined, can be chosen arbitrarily, but simpler
integrals are preferred.

Having determined a sufficient number of the expansion coefficients in eq. (6.10), we
can evaluate J o (g,m?) at a point m? = m? that is different from infinity. To choose this
point, we need to determine the radius of convergence of the expansion in eq. (6.10), which
is controlled by the closest singularity to m? = oo in the complex m?-plane, or the farthest
singularity away from the origin. For our equation m? = 16 dictates the radius of convergence
of the solution at the boundary eq. (6.10), any m? that satisfies |m?| > 16 is a valid choice of

m2. In practice m? is taken to be 64i. Having chosen the first evaluation point m?, within
2

the radius of convergence, we obtain J(g,m?) = J (g, m?). To move forward, we represent

solutions of the differential equation as Taylor series

T a(e,m?) =3 (m? - mg)" cn(€), (6.11)

n=0

2

which is possible since m; is a regular point of the differential equation. It should be apparent

that co(e) = J(e,m?) and that other coefficients in the above equation are

1 d™ Joo(e, m?)
cale) = 22|

i

(6.12)

We find it convenient to compute these derivative by utilizing the differential equation. The
n-th derivative satisfies

n 2 n—1 1\ k (n—1—k) 2
d™ J(e,m?) (n—1)! [d M d J(g,m?) (6.13)

dm2n l; (n—1—k)k! | dm?2k dm2(n—1-Fk)
Using these equations recursively, we easily obtain the coefficients c,(g).!? We then use
eq. (6.11) to move away from the point m?, staying within its radius of convergence, and
then repeat the above procedure at another regular point.

Continuing this process, after about 50 steps we reach a point within the radius of
convergence of the solution at m? = 0. We will refer to this last regular point as m?c The
point m? = 0 is a singular point of the differential equation, so the expansion around this

point has a power-logarithmic form

n—+le
Jo(e,m?) = Z <m2) log® m2e(e). (6.14)
Ink

We compute coefficients of the expansion in eq. (6.14) by comparing it with the value of
the Taylor-expanded integrals J (e, mfc) at mfe We emphasize that in the formal solution

12Tn practice, c,(€) can be evaluated efficiently by casting the differential equation system into a system of
linear recurrence relations and solving it order by order.
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shown in eq. (6.14) we include all branches that are consistent with the behavior of the
differential equation eq. (6.5) at m? = 0.
Finally, we take the limit m? — 0 at fized e, recovering original massless integrals

I(e)=1lim lim Jo(g,m?) = cooo(e), (6.15)

e—=>0m2—=0t+

where the limit ¢ — 0 is understood as an expansion through the required order in €.

It is interesting to note that there are more independent integrals in the list J (g, m?)
than in I(e). This means that the massless integrals that we obtain as the limit of massive
integrals are not independent and relations between them can be found using the IBP relations
for massless integrals. This provides an opportunity for a highly non-trivial and powerful
check, and we find that our solutions do pass it.

To conclude this section, we note that in comparison to our previous work [4, 5], where
both parameters d and v were retained in the differential equations, the current approach
is simpler and more transparent. The reason for this is that it is difficult to construct the
v-dependent differential equations and to analyze the behavior of the solutions around singular
points m? = 0 and oco. For example, the solution Jg(e, v, m?) of the v-dependent system
of differential equations at m? = 0 depends on both regulators € and v, and the original
massless integrals are recovered in the following way'?

I(e,v) = lim lim lim Jo(e,v,m?). (6.16)
The need to compute these limits forces us to develop full understanding of the v dependence
of master integrals at the singular points, which is highly non-trivial. Furthermore, evolving

2 = 00 to m? = 0 is much more challenging

solutions of the differential equations from m
in the presence of the v regulator.
Previously [4, 5], we observed that the v-dependent solutions (m?2)" e+ 1ogF m? take a
relatively simple form and, in the limit v — 0, can be accounted for correctly without the
need of explicitly introducing the regulator v to the differential equation. This allows us to
take the v — 0 limit before starting to solve the differential equations, making it similar to
cases where dimensional regularization is sufficient. However, due to an increased complexity
of master integrals, this was hardly a viable option for the nnn case. The use of a filtered
reduction was crucial for solving the problem, as all integrals I(¢) that appear in that case

are guaranteed to be well-defined without the need of an additional regulator.

7 Boundary conditions

In the previous section, we have assumed that all the boundary conditions at m? = oo are
known. In this section we discuss how they are computed. By analyzing the matrix M (e, m?)
at m? — oo, it is possible to identify the possible branches for various integrals and deduce
the minimal set of constants for the boundary conditions. Many of these branches provide
vanishing contributions, and only three branches (m2) " with n = 0, 1, 2, which have already
appeared in the nnn case [4, 5], contribute.

13The ¢ — 0 and v — 0 limits should be understood as the expansion of integrals through an appropriate
order in these variables.
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D; ap ~m? ag ~ m? as ~ m? Bg ~ m?
k12 -n P12 P12 P12 P12
kos - n P23 Ba3 P23 Bs
kiz-n P13 P13 P13 Bs
k123 - n B123 B123 B123 Bs
k12 -n aq Qa2 a2 a2
ko3 -1 a3 a2 as a3
kig-n aq 13 as Q13
k123 - 1 ay Qs as Q123
Kt o B2 o251 ki k2,
k3 k3 az03 agfB2 Bsaz
kis o133 kis asf Bsau
kios +m? || a1B2s +m? | azfiz+m? | asBiz +m? | Bsaiz +m?

Table 3. Scalings in the region (m?)~¢.

7.1 The Taylor branch

Since we discuss phase-space integrals and consider the limit m? — oo, the most natural
contribution arises from the Taylor expansion of integrands in 1/m?2. This implies

1

1
s = — + O(k} 2 7.1
k%23+m2 - m?2 + ( 123/m )7 ( )

and the complicated denominator k%% disappears from the computation entirely. Integrals
that appear in the calculation of the Taylor branch can be computed by direct integration
in the same way as the master integrals discussed in section 5.

7.2 Region (m?)”

A peculiar feature of phase-space integrals required for the computation of the soft function
is their wultra-violet sensitivity, manifesting itself in the appearance of non-trivial branches in
the m? — oo limit. We start with the discussion of the (m?)~¢ branch. This branch occurs
when a larger light-cone component of one of the partons’ momenta is O(m?) and all other
momenta components and momenta of other partons are O(1). This can only happen if
at least one #-function is present in the integrand.

In table 3 we provide original and simplified expressions for all inverse propagators,
for different choices of the large light-cone coordinate. It follows from that table, that
there is one (and only one) case-specific scalar product of two four-momenta that cannot
be simplified. These scalar products depend on the relative angle between momenta of two
partons, and it is this dependence that makes the computation of boundary conditions for
this branch challenging.

We denote two partons, whose momenta scale as O(1), as 7 and j, and the parton with
one O(m?) Sudakov component as h. We also assume that the larger momentum component
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is 4x, and the smaller one is ;. It follows from table 3 that any integral that provides the
(m?)~¢ branch can be written as

1 T — flf RO(al7/BZ7a 75 7/7h T dﬁ/hﬁ/_e
wa/d E/dki dk;] 2 SRk / h , 7.2
./\/;2 J ’yh’yh [ ][ ] [ ) 1 ,thij_i_mQ)nQ ( )

where the rational function Ro(ay, 5, o, Bj,7,) contains the zero-jettiness d-function, and
depends on the light-cone components of all partons. The polynomial z;; that depends on the
light-cone components of momenta k; ; can be read off from table 3. The integral over 73, gives

w ~ ~ —
/ d’)/h’yh‘s :(mZ)lfsfnlfng F(n1+n2_1+5)r(1_n1_5) M 1+€
ARt (An i +m?2)n2 ['(n2) “

(7.3)

As the next step, we discuss integration over momenta of partons ¢ and j and consider
the following integral

1 1
Jij = A2 /[d/f” k’j]@ fi fj R, Bi, o, By, vn)- (7.4)

In eq. (7.4) we have introduced a new function R(«;,3;,05,58;,7,) = 731 1+€R0(ai,ﬁi,aj,6j,'yh).

The inverse propagator kfj reads

N T .
k?j = 2]{1’ . k‘j = (alﬂj + Oéj,ﬁi) 1-— ZMELZ €lji| = (Oéi,ﬁj + Oéj,Bi) (p . Pm) s (75)
aZ/B] + aj/B’L
where p and p,, are two (d — 1)-dimensional Minkowski vectors. The vector p is light-like,
p? = 0, and the vector p,, is time-like with
2

2 _ (@ifj — afi) (76)
" (B + )’
The angular integration in the transverse space is easily performed with the help of eq. (D.32),
and J;; becomes

(d—2) (d—2)
1 doydBida;dB; Q2 —d9y
Ji': / Lt A 'ROéi,,Bi,a', j 9 / .

J (Q(d—Q))Q (azﬂzajﬂj) f f] ( ’ BJ th) [k%]n

dOézd/BZda]dﬁj ) (ai, ,Bi, aj, 5]7 ’yh) I(l) 9
/ Oézﬁla]ﬁ] fl f] (alﬁj + a‘jﬁl)n d—2;n(pm)'

The function Ic(ll7)L is defined in eq. (D.36).
Further integrations require us to specify the constraints f; and f;. There are five
cases to be considered.

(A) If f; = 6(a; — B;) and fj = 6(a; — f3;), we integrate over a; and o to obtain

I‘(l—a)F(l—Qs
Frl—e—n)l'(1-

Jy = / AB:48; (BiB;) "2 R(Bs, s, s Birm). (7.8)
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(B) if fi = 6(ay — B;) and f; = O(a; — ), we integrate over «; and perform a variable
transformation o; — §;/r;. We find

Jij = /dﬂzdﬂﬂ/d% 52’5“ - ﬁjﬁh) o (n,n+e;1 —e515). (7.9)

n+2e gn— 1+26 2—n—¢
B g1, 2

(C) if fi = 6(ay — ;) and fj = 6(5; — «j) we integrate over oy, and replace 5; = o /r;

Bl)ﬁl)aja 7 7/7h)
Jij = /dﬁldozj/dr]ﬁnJr2€ nTiZe 2 onee o1 (n,n+e1—¢;1j). (7.10)

J

(D) if f; = 6(e; — B;) and f; = 0(a; — Bj), we replace oy = B;/r, oj — B/, apply the
transformation shown in eq. (E.4) to the angular integral, where we also need to split
the original integration region into two regions r; < r; and r; < r;. Writing r; = r;§
and r; = £r; in the first and in the second region, respectively, we obtain the following
representation for the integral

( 7617 aﬁ 77h)
&rj ri 27 . .
z] —/dﬂzdﬂj/d d§ ,86 )n 1+2€7"? n— 2662 n_€2FI (n>n+571_€a§)

7.11

(%,ﬁia%7ﬁj,’7h> ( )

+ / 48,48, / Arde o e s Fi (5 1= 60).
0 0 t

(E) finally, if f; = 6(cy — ;) and f; = 0(5; — «;), we replace o; — B;/r4, Bj — o /rj and
find

r 7527a]a T a7h)
Jij = /dﬁzdaj/dndr] YT ()2 oy (nyn+e;1—eyrry) . (7.12)

Further integrations are case specific. Often, integrations over variables r and £ can
be performed in terms of hypergeometric functions, but if mixed propagators of the type
1/(c; + j) appear, it becomes impossible to do that. At any rate, the subsequent integrations
are performed on the case-by-case basis.

To illustrate the above discussion, we compute the (m?)~¢ branch of the following integral

dPypg

J= / (k1 - k3) (ko - n) (k123 - ﬁ)2 (k2 + m?) . (7.13)

This integral has three #-functions and contributes to the nnn configuration.

A simple analysis shows that the leading (m?)~¢ contribution originates from the region
where 83 ~ m?; because of that, the integral corresponds to the case (D) above with i = 1
and j = 2. The integrand in eq. (7.13) has no scalar product k - ko; for this reason, no
non-trivial angular integration has to be performed. We use table 3 to read off the simplified
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propagators, and apply the variable transformations that are explained in item (D) above.
We then write the result as the sum of two terms

J=J4+ Jp, (7.14)

where

(B1B2) "2 () ey T2E2HE5 (1 By — Ba—a3)

Ja= 2/61+8 /dﬁldﬁ?dOé?)Cmd€ (B1+(B2+asr2)€)2((Br1+P28) Ba+m?ra) (7.15)
dgBs (B182) "% (ag) ey T2°E1 26 (1— 51— Bo—a3)

Jp= 2/ 1+a/d51dﬁzda3dr1d§ (Bo+ (Br+asm)E2((Pat Brf) Batm2rid) - (7.16)

In both integrals, integration over 83 can be immediately performed using eq. (7.3). Then,
the zero-jettiness ¢ function is removed by integrating over (o in J4 and over §1 in Jg. After
that, the variable transformation 1 2 = t(1 — a3) is performed in integrals J4 g, respectively.

To proceed further, it is convenient to treat both integrals on the same footing. To do
that, we introduce an auxiliary integral .J,

2I'(—e)I'(1+¢)

= TE / drdédagars (1= 08) o T (Lmt) Pt g 1)

(t—agt+é—asé+agré—té+astd)®

(7.17)

and notice that J; = J4 and Jy = Jpg, provided that r is identified with r1 > in the two
integrals, as appropriate.

To compute J,, we change the integration variables
tu v

—_— = 7.18
1—u+tu’ a3 u+v—uv’ ( )

&=

and obtain

QF( ) 1—1—6 /d dtdude (1 t) 2€t71+n75un73€(1_U)173E,Uf€
(m?2)1+e (1—u+tu)"+e (ut+v—uv) =4 (1—v+rv)?’

Jn= (7.19)

Integration over v produces the Appell function Fi, see eq. (E.9), which simplifies to 2 F1, cf.
eq. (E.6). The integration over t leads to a hypergeometric function 9F;. We obtain

_2(2-3e)I(1-2e)%(1—e)I'(n—e)(14¢) 7
= / drdu = e

21+ _ n+teym
e(m?)+el(3—4e)I'(1+n—3e¢) ‘u (7.20)

o F) (2,1—e;3—de;1—ru)o Fy (n ente;l+n—3e; “1)
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It is possible to integrate over r, expressing the result in terms of the hypergeometric function
3Fy. To do this, we employ egs. (E.2) and (E.8). We obtain the following one-dimensional
integral representation

4(1—4¢)[(2—3e)T(2—2e)T(n—e)[2(1—e)T(1+¢)

o= 3e2(m?)1+2(1-3¢)(1+¢)I'(3—4e)'(1+n—3¢)

1
X /duu”2F1 (1-2e,n+e;14n—3c;u)3F»(2,1—¢,14¢;2+¢,143¢;u)
0

1
+2F(2—35)F(1—2€)F(n—€)F(—€)F(35)F(1+5)/duun—3€ (7.21)
0

(m2)1+e(1-2e)T'(14n—3¢)
X oF1 (1-2¢e,n+e,14n—3e,u)3F>(1—4¢,2—3¢,1—2¢;1—-3¢,2—2¢5u),

where we also used eq. (E.3) to simplify the u-dependent hypergeometric function in eq. (7.20).
The integral representation for J,, n = 0,1 in eq. (7.21) is convenient because integration
over u is not singular. Hence, the integrand in that equation can be expanded in powers
of &, and integrated term by term using HyperInt [138]. Upon doing that, we obtain the

final result for the integral in eq. (7.13)
72 10¢z 297t

J:(m2)16{3s2+ = 00

22
+ €2 (56‘;’37#* — 172<§> + 0(53)} :

+e (208@, — 3;#@,)
(7.22)

All integrals that possess the (m2)7€—branch at large m? can be analyzed using similar steps
once the large momentum component for one of the partons is identified.

7.3 (m?)~¢log (m?) boundary integral

All branches of master integrals contain prefactors (m?)~"¢, with n = 0,1,2. In addition, we
have found that in case n = 1, one needs to account for additional sub-branch (m?)~¢log (m?),
where the logarithm appears before expansion in €. This contribution may appear if, in a
given integral, two different integration regions over Sudakov parameters contribute to the
(m?)~¢ branch. We will illustrate this phenomenon by considering two integrals. The first
integral is quite simple, it can be computed in a closed form and used to understand the
origin of such terms. The second is more complex; we discuss it because it was actually
used to determine the required boundary condition.
We begin with the following integral

dd;,;
(kfa3 +m?)

It receives two non-vanishing contributions to the branch (m?)~¢ from the regions with

2

as ~ m? and B3 ~ m?. Hence, we can write

Ry ° =Ry, + Rips, (7.24)
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and a simple analysis shows that, individually, these contributions are not regulated di-
mensionally. 4

To proceed with the calculation of individual contributions to the (m?)~¢ branch, we
introduce the factor 85" to the numerator of the original integral eq. (7.23). Considering
the contribution of the ap ~ m? region and making use of the integral representation in
eq. (7.10) with n = 0, we find

o0 1 v 1—2e n—2¢ —e - I
R, :/dag/dﬁldﬁgdagdrg (Z) az P “Pa(aef) d(1—az—pF1 ,32). (7.25)
0 0

3¢ (r3(azB1+m?2)+asas)

We continue with the integrations over s and r3. We remove the §-function by integrating
over (1, and change variables a3 = t(1 — ) after that. The integrations over 2 and ¢
factorize and we obtain

(1—e)(1 —2e)T3(1 —&)I(1 +&)['(2 — 3e — v)
(m?)eevl(2 — 3e)T'(4 — 4e — v) (7.26)
X 3Fy (1 —2e,v,e+v;2—3¢,1+v;1).

Rl,ag =

The 1/v pole in the above expression is compensated by the contribution from the region
Bs ~ m?, that we now discuss.
We use the representation in eq. (7.9) to obtain

BrEBR By (asBs) ~ory TS (1—az—Bi—Ba) .

r3(B1B34+m?)+ B33 (7.27)

o) 1
Ry, :/dﬂ?)/dﬁldﬁzdasd?”g
0 0

Performing the integrations, we find

R 1 (1—e)I'(1—2e)T%(1 —e)[(—e —v+ I3 -3+ v)['(e +v)
Lbs = 77, (m?)stvT(3 — 3e)['(4 — 4e + v) (7.28)

X 3Fy (1 —2¢e,e,—1v;3—3¢,1 —v;1).

Finally, combining R; ., and R; g, and expanding in v at fixed ¢, we find

(1 —e)I'(1—2e)3(1 —e)T(e)

R;E = Rl,a2 + Rl,ﬂg = F(4 _ 45)

(m?)~Flog (m*) +...,  (7.29)

where ellipses stand for contributions that do not contain the (m?)~¢log (m?) branch. We
note that out of the two terms discussed above, only R; g, produces a log (m?) contribution
whereas another one is only needed for removing the 1/v pole. This is a generic feature of
such integrals, that we exploit in the second example below.

A more complicated integral that is actually employed for the calculation of the relevant
boundary constant reads

d®,,;
Ry = / 060 — 7.30
2= | U+ m2) (s 70) (7.30)

To avoid confusion, we stress that this integral is regularized dimensionally, in agreement with the
discussion in section 3. However, when we approzimate the integrand to simplify the calculation of the (m?)~¢
branch at large m?, the resulting expressions become ill-defined.

— 33 —



To compute the (m?)~¢ branch of this integral, we need to consider two regions, a; ~ m?

2

and B3 ~ m*°. We regulate both of these contributions by multiplying the integrand in

eq. (7.30) with B3”. Similar to the previous example, we find that the region aj ~ m?
does not contribute to the log (m?) branch, whereas the 83 ~ m? region does. Both regions
contribute to the coefficient of the 1/v pole, where they cancel each other.

Focusing on the term (m?)~¢log (m?), we consider the region where 3 ~ m? and split
the relevant integrations into two parts, similar to the representation in eq. (7.11). We write
a1 = (1/r1 and ag = fB2/ra, consider two regions 1 < 7o and ro < 71 and find that only the
first one contributes to the (m?)~¢log (m?) branch. Hence, changing variables r; = & rq, we

arrive at the following representation of the relevant contribution'® to the integral

(ﬂlﬁ2)1_266(1—043—ﬁ1—ﬁ2)
B¥ (i B3)ers2€2- a(a3+52)<m2+5253+67}25§3)

[e'e) 1
Ro— / d8s / dB1dBadasdredg (7.31)
0 0

To compute this integral, we integrate over 3, remove the J-function by integrating over as,
and change variables as follows, 82 = t(1 — 31) and 1 = t(1 —v)/(t + v — tv). Integrating
over v and ry, we obtain the following two-dimensional integral

= I2-3)2—-2)(~e—v+1)I'(—v)'(e+v) (1—t)—=
Ry = (m2)s+ur(4 _ 5€)I‘(5 — v+ 1) /dtd£t2 553 3e+v (7 32>

1
X o (1,5—1/;1—1—5—:—1/;1—t)2F1 (2—35 3—4e+v;4d—d¢; 1_155)
Applying the transformations shown in egs. (E.3), (E.1) to first and second hypergeometric
functions, respectively, we find that the integral splits into two parts, where in each part
integration over ¢ can be performed. Keeping the part that provides the (m?)~¢log (m?)
contribution, we write

. _r(2—3e)(m2)‘5—"r2(1—e)F(e)/ld z! =% JF (L1146 1—2)+.... (7.33)

Ry= —_—
2 vel (3—4e) T—z)
Integrating over = and extracting the log (m?) term, we obtain the final result

D(1-2e)3(1—¢)T(1+¢)
2e2(2—3e)['(2—4e)

Ry= 3F5(1,1,1—¢;3—3¢,1+¢;1)m ™ *log(m?)+---, (7.34)

where ellipses describe terms that do not contain the log (m?) term at fixed e.

7.4 Region (mz)_2€
Integrals where two light-cone components of partons’ momenta can become large simul-
taneously may possess an (m?)~2¢ branch.

Similarly to the (m?)~¢ branch considered earlier, we compute it by removing the 6-
functions which involve large light-cone components and extend the relevant integrations

15We introduce notation Ro to emphasize that the expression below only gives the relevant log(m?) term
and not the whole integral R».
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D; a1~ ag ~ m? Qg ~ g ~ m? a ~ ag ~ m?
q = k1 + k2 q = ka + k3 q=k1+ks
k12 -n B12 = By P12 = P2 + b1 P12 = P1+ P2
koz - m Pz = P2 + 3 P23 = By fo3 = 3 + [
kiz-n Pz = B1+ B3 Bz = B3+ P13 = By
ki2g - n P23 = Bg + B3 B123 = Bg + 51 B123 = Bq + B2
kg -1 a2 = 0y Qa2 ag
ko3 - Qg Qo3 = Qg Qasg
kig-n aq Qs Q13 = 0y
k123 -1 Q12 = oy Qa3 = Oy Q13 = Qg
kia ks = q° o281 ai12
k35 azf33 k33 =q° asf2
ki3 o103 asfi ki3 = q°
ki ki) + a12Bs +m? | k33 + 3By +m? | kiz + a1sBe +m?

Table 4. Possible large integration parameters combinations giving contribution in the region (m
We do not include contribution of the region with oy ~ 3 ~ m? and ag ~ B3 ~ m

scaleless integrals.

2

2)—28.

resulting in

to the interval [0, 00). Since in the region where a; ~ aj ~ m?, momenta k; and k; are not

anymore constrained by the #-functions, it is useful to introduce a new vector ¢ = k; + k;

and treat an integral over momenta k;, k; as a normal phase-space integral at fixed g.

All possible combinations of large Sudakov components, together with simplified prop-

agators, are summarized in table 4. The integration measures for all the relevant cases

can be simplified as follows

a2~a3~m2:

ABsgp — - dlq[dk1]S (1 — B, — B1) 6 (a1 — Br) dB(q, ka, k),

Nz
2.
Q1 ~ Qg3 ~Mm- .
do L
0560 —
N
2.
a1~ O~ 1M
1

d%q[dko]d (1 — By — B2) & (a2 — Ba2) (g, k1, k3),

d®ggs — —d%q[dks]d (1 — By — B3) § (a3 — B3) d®(q, k1, k2),

Ne

a1~a2~m2:

1
A®ggs — ~—+d?q[dks]d (1 — B, — a3) § (B3 — az) d®(q, k1, k2),

Ne

a1~a2~m2:

1
AP g5 — ~—d%q[dks]d (1 — By — a3) 0 (Bs — ug) AR (q, k1, k2),

Ne

,35,

(7.35)

(7.36)

(7.37)

(7.38)

(7.39)



where
1

Since integrations over two partons’ momenta that add up to ¢ correspond to standard

A®(q, ki, k;) [dki][dk;] 6D (g — kij) - (7.40)

phase-space integrals, it is useful to discuss how to simplify them. To study the most general
form of such integrals, we consider the case with ¢ = k1 4 ks, and note that all other momenta
assignments can be analyzed similarly. Hence, we consider the following family of integrals

J 1 / [dky][dE2) 6D (q—ky—ko)

w115 = 37 | Gy (o) (i)™ (ko 7)™ (vt o)™ (ramt gy 4D

One can use the integration-by-parts technology to reduce them to the minimal set of master
integrals. This approach was employed in the previous (same-hemisphere) calculation as
described in refs. [4, 5]. We have also used it in the current computation alongside with
an alternative approach that we describe below.

Since the non-trivial part of the integral in eq. (7.41) is the integration over azimuthal
angles, we start with discussing it. It is convenient to consider the reference frame where
q = (qo, 6), parametrize momenta of partons 1 and 2 using energies and angles, and integrate
over energies removing the J-functions. As we explain below, remaining integrals over angles
can be related to cases familiar from earlier studies [139, 140].

Using energies and angles to parametrize light-like vectors, we write the required inverse
propagators as follows

k1'n=%(p1~pn), ko HZ%(m'ﬁn),
2 2 (7.42)
k1 n:?(Pl'Pﬁ)a ko n—?(m'ﬁﬁ)

In the above expressions, we introduced the light-like vectors p1 = (1, k1/|k1]), pn = (1,7/]]),
and pp = (1,5/ \ﬁ|), as well as conjugate vectors p, and pp which are defined as parity-
transformed versions of p, and ps.

Inverse propagators that contain further Sudakov parameters in addition to scalar
products shown in eq. (7.42) can be written as scalar products of a light-like vector and
a time-like vector. To see this, we introduce two four-vectors p,, = (1, A\7i/|7i|) and p,, =
(1, =A7i/|7]), with

_ By
= o (7.43)
and write
ki-n+ B3 = (%—i—ﬁ:s) (p1-Pm), ka-n+pPs= (62(1-1-53) (p1 - Pm) - (7.44)

The integral in eq. (7.41) can be written as follows

_ d/2—2 o,
7 _ 1 QU (43" 22 (d—1)
ai..-a6 /\/’52 (87r2)d_1 Bgl+a2ags+a4 (Bq+253)a5+a6 ai...ag

(pnaﬁnapﬁaﬁprm?ﬁm)? (745)
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6
where a = .Z a; and the angular integral over directions of a light-like vector k with kg = 1

=1
is defined by the following formula

1 aotd—b
(d—1) _ k
L L0125 vnl Qld-1) / (k-v1)* (k-v2)* .. (k- vp)™ (7.46)

General results for such integrals, alongside with many specific cases, are discussed in
refs. [139-141].

For our purposes angular integrals can be further simplified using e.g. the relation
between k - p and k - p scalar products. The required partial fractioning rules can be found in
appendix D. Once these relations are applied, the final set of (2-integrals consists of integrals
with at most two denominators. Such integrals have been computed in ref. [139] and we
provide explicit expressions for them in appendix D. Furthermore, since angular integrals with
arbitrary powers of the denominators are known in terms of hypergeometric functions, linear
relations between integrals with different powers can easily be constructed [140], and used
to simplify the resulting expressions without the need to express hypergeometric functions
through elementary functions.

After the partial fractioning and the simplification of angular integrals, the original
integral whose (m?)~2¢ branch defines the required boundary value is given by a linear
combination of several simple integrals. Further integrations over components of the vector ¢
can be often performed following the discussion of the nnn case in ref. [4]. However, new
challenges arise for the nnn case, as we explain below.

The first point is that in the same-hemisphere configuration the zero-jettiness constraint
0(1—Pi23) implies that 83 = 1— 12 = 1 — 3, and, therefore, entries in eq. (7.44) simplify. The
second point is that in the same hemisphere configuration, integrals with three 6-functions
do not appear as master integrals. For the choice of large Sudakov components that we
discuss, this implies that not only 83 but also as is equal to 1 — 3,. All in all, this implies
that the integration over k3 can be easily performed, and only the integration over ¢ remains.
For nnn integrals with three f-functions — the examples of which are shown in eq. (7.39) —
the required computation is more complex. Below we consider an example which illustrates
how such integrals can be calculated.

We are interested in the (m?)~2¢ branch of the following integral

J— / d®yyg .
(kg - 1) (ki - n) (kfp3 +m?)

(7.47)

The relevant contribution comes from the region a; ~ as ~ m?. The integration measure
in this case is given by eq. (7.39). Simplifying the propagators in the limit o o ~ m? — oo,

we obtain
1 6(1—B4—as3)b(B3—as) 3D (g—Fk12)
wa/dd dk ! /dk: dk - : 7.48
N2 aldhs) (q®+a12B3+m?)° ¥l (k2-n)(k1-n+Ps) (748)
Using egs. (7.41), (7.45), (D.27), we write the integral over momenta ki » as follows
Lol 4@ 2
- A 4
Jooo110 N2 (872)d=T o, (B, 4 2B3) 4111 (P Pms P ) (7.49)
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Scalar products that appear as arguments of the function Ifil_)l,l | are given by
Pi pm=1—X1-=2u), p2 =1-\, (7.50)

where A\ can be found in eq. (7.43) and u reads

- ¢ s
“ T ady (7:51)

Finally, using the expression for the angular integral in eq. (D.38) and applying the trans-
formation of the Appell function shown in eq. (E.5), we obtain the following result for the
angular integral

" i (26— 1)(Bg +283)
TP RCRR (Pﬁ " Pm Pm) - 4e(By -I(j Bs)

B (11,512 T Py
1 s Ly ) ’(ﬁ3+ﬁq)aq7ﬂ3+ﬁq )

so that the complete integral over momenta ki, ko becomes

L0 @) (& Py
J000110—A782(87T2)d_1 =(BytBs)g Fi| 1;1,—&1—2¢; (BsBo)og Bathy ) (7.53)

For the remaining integrations over ¢ and k3, we employ the Sudakov decomposition

(7.52)

for both of these momenta. The integration measure reads

042 dasdBzday,dB,de?
4 (asB3q?)”

where we used the fact that the integrand is independent of the directions of ¢/ and k% | .

1
—d%q [dks] =

N , (7.54)

We then change the variable 3 = ag/rs eliminating the Heaviside function (83 — a3), and
write ¢2 = a,B,t, 4> = agfy(1 —t). We then find that the integral in eq. (7.48) becomes

F2
& (( )1+215+2E /d a3dfBy0(1—az— 5(1)(043511)1 %

I~

3 (a3+Byr3) (a3 +Bgrst) T2 (1—w) 1% (a3 +Byrz—PByraw)®
dtdrgd )
(a3 +Byrs—Pgratw)(1—t)ste

(7.55)

where we integrated over oy, and introduced the integral representation for the Appell function,
cf. eq. (E.9), using an auxiliary variable w. Next, we remove the J-function integrating over as,
and change the variable 3, = y/(rs+y—r3y). Integration over 73 can be expressed through the
hypergeometric function 9 Fy, cf. eq. (E.7). Applying the transformation in eq. (E.3), we find

YR (1 -2 — 651 —y)
ve (1 — w)F2 (1 — wy)—¢

2I2(1 — &)I'(1 + 2¢) (1-—
I~ G /d v (7.56)
7.56

(1—t) et
" 0/ YT w0y
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The integral over ¢ can be expressed through the first Appell function (E.9), which reduces
to the o F function thanks to eq. (E.6). Using the transformation eq. (E.3), we derive the
two-dimensional integral representation for the (m?)~% branch of J

or4(1 — 1 2¢) 1-2e
o~ 1452 L+ 2¢) /d dy )1)+2
(m?)12e(1 —e)I'(2 — 2¢ w)t+e (7.57)

XoF1 (1,2 =262 —e;1 —y)oF1 (1 — 2,1 —¢;2 —2;y(1 +w(l —y))).

The only divergence of the integral occurs at the point w — 1, which can be easily subtracted.
The subtracted integral is finite, can be expanded in ¢ under the integral sign and integrated
using HyperInt [138]. The final result reads

w2 72 log(2)m? 7
(R P T

w2 w2 7 3 4 T 17
—& <3+210g(2)+463—810g(2) +5log(2 )? t160” 1—9Liy (1/2)

2
_52(37T2+10g( )24 = C3+8—(§7r +72log? (2 )—Zlog4(2)—18Li4(1/2)

2

211 4
082+ T log(2)— —log® (2)— Gy -

1023

C5+9L15(1/2)> (7.58)

4
—e? (3772+277210g(2)+7§3+4(7)7r4—310g4(2)+27r210g2 (2)—36Lig(1/2)

Lo s, 21 1023 43 )
20log (2 )+37r log” (2 )+240 log(2) C5 7 (3+18Li5(1/2)

221 ) 375 121 61 1,
i 8] log (2 ——log®(2)+ =71
g™ 08" (2)—mGslog (2) — T G+ g™ —gglog” (2 g5 log’ (2)

—%T?LM(1/2)+¥c_5,_1—9u6(1 /2)) +O(@EY).

The (m?)~2¢ branch in all integrals can be calculated once a pair of large parameters
is identified, the expansion of denominators is performed according to table 4, angular
integrals as in eq. (7.45) introduced and computed, and subsequent integrations over g and
the remaining Sudakov parameters are performed.

8 Numerical checks

Calculation of the soft function requires computing a large number of complicated uncon-
ventional integrals. Because of this, checking them using alternative methods is critical.
Techniques that are usually employed for this purpose include the sector-decomposition [142]
and Mellin-Barnes methods [143, 144]. In our case, however, the complex structure of diver-
gencies of the relevant integrals, as well as high perturbative order, makes direct application
of public codes based on these methods unfeasible. Hence, care is required to organize the
numerical checks to make them manageable. Below we discuss how this can be achieved.
All integrals that we computed numerically can be split into three groups. First, there
are integrals without propagators that involve scalar products of soft-parton momenta; such
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integrals are calculated using the standard sector decomposition approach. Second, there
are master integrals with complicated propagators that can be efficiently dealt with using
the Mellin-Barnes method. The third group includes integrals that depend on 1/k%55 and
they pose the biggest challenge. The problem is to find a suitable parametrization that
minimizes the number of sectors that appear, if overlapping singularities are treated using
the sector decomposition method, or a suitable compact representation if the Mellin-Barnes
technology is employed.
All integrals that we may want to check numerically can be written as follows

do
yA »J2, JAay...ar},{b1...b7},{ci...c :/ fifafs 7 3.1
{1, fos f3}{ar...ar},{b1...b7},{c1...ca}] AB_AvBh | ghioa o (8.1)

where the integration measure is determined by the vector {f1, fo, f3}
ddy, f, 5, = /\/3 [dkr][dko][dEs] f1 (1 —71) fo(e—72) f3(V3—13) 0 (L =11 —v2—73), (8.2)

with v = 8,9 = «a; for f; = 6,0 and v; = oy, 7 = B; for f; = 6. We have split all appearing
propagators into three groups. Propagators in the first group involve vector n

Alzkl'n, AQZ]{IQ'TL, A3:k3-n,
A4 = klg ‘n, A5 = k23 ‘n, A(; = kgl n, A7 = k123 *Nn. (83)

The second group contains propagators that depend on vector n

Bi=ki-n, By=ky-n, Bsg=ks- n,
By=kio-n, Bs=kog-n, Bg=ks-n, B;=ks- n. (8.4)

The last group contains propagators that depend on the scalar products of soft momenta
Cr=ky ko, Cy=ky k3, Cs=ky ks, Cyq==ks. (8.5)

8.1 Integrals without the 1//{:%23 propagator

We will discuss first the numerical computation of integrals in eq. (8.1) with ¢3 = ¢4 = 0.
This assignment covers all integrals in the soft function that do not contain the propagator
1/k355. To derive a suitable representation for such integrals, we change integration variables
Y = i/s2, 0 < s; < 1, to resolve all §-functions’ constraints.!® Two inverse denominators
that involve scalar products between momenta of soft partons read

2
, 2 _ Vi by
fi=0,f;=0: ki; = 3223% ((s —5;)2 4882 t2 + z ) (8.6)
_ i t2
fi=0,f;=0: kfj = 727; ((1 — 5i87)% + 48i8j 2= t2 +52 ) (8.7)
5i %)

16The same variable transformations can be applied to integrals with d-function constraints. We explain
below how the corresponding integral representations can be constructed.



where we introduce angle variables tzzj / (t?j + EZQJ) = sin? (¢;/2) € [0,1] and the notation
z = 1 — x for all variables 0 < x < 1 appearing in this section. To satisfy the J-function
constraint §(1 — 1 — v2 — 73) we apply the variable transformation

o), Yo2), Yo3) ) — 1, yZ, Y2}, (8.8)

where o is a permutation of the set {1,2,3}. Different permutations of the set {v1,7v2,73}
lead to different integrand expressions, which, after the integration, should give identical
results, providing useful internal consistency checks of the numerical calculation.

Combining the Jacobians of all transformations described above, we obtain the following
expression for the integration measure, where integrations on the right-hand side are confined
to a unit hypercube

3
dq)f1f2f3 = dady H e

i=1 4
8.9
Od—3) dtio ( 2 > 1-2¢ ()(d-3) dtag ( 2 ) 1-2¢ ( )

X — -
Qd-2) (75127512)26 tis + 11 Q=2 (t23t23)2€ t3s + 135

2v,ds; («918283>2E
3 X7 )

For each constraint f; = # or f; = 6 we replace ; according to eq. (8.8) choosing a particular
permutation o, and for each f; = § we set s; = 1 and drop the integration over s; by setting
vids; — 1 in eq. (8.9). The propagators 1/A; and 1/B;, i =1,...,7, are expressed in terms
of z,y, s; following the variable change specified by eq. (8.8). The two propagators 1/C} 2
are written as in egs. (8.6), (8.7) depending on the relevant constraints. If f; = ¢, the two
expressions become equal once s; = 1 is employed.

Using the measure in eq. (8.9) we can, in principle, compute integrals defined in eq. (8.1)
without the propagator 1/Cy, using public codes FIESTA [145] or pySecDec [142], which
implement the sector decomposition approach. However, since the inverse propagator eq. (8.6)
has a (line) singularity inside the integration region at s; = s;, and since such singularities
are not automatically found by any of the public codes, we need to consider the cases
si < sj and s; < s; separately. If we do this, all singularities appear at the boundary
of the integration domain, and such cases are processed automatically by FIESTA [145]
and pySecDec [142]. Nevertheless, since integrals that we consider are multidimensional, it
turns out to be beneficial to analyze the existence of potential singularities at the upper
integration boundaries manually, avoiding the automatic option for doing that in public
codes. We have mostly used FIESTA [145] to compute integrals with the analytic regulator
and we emphasize that the introduction of the analytic regulator d® — d® (v17273)" does
not impact our discussion. Using these methods, we have checked numerically both regular
integrals calculated in section 5.1 and also the 1/v divergent parts of integrals 121/ " and
1 i/ " considered in section 5.2.

8.2 Calculation of integrals with 1/ kf23 using the Mellin-Barnes representation

It turns out to be very difficult to perform numerical checks for integrals with the propagator
1/ k%zg using the sector decomposition approach because suitable parametrization of angular
variables is hard to find. We avoid this by constructing Mellin-Barnes representations for
such integrals and using them for the numerical evaluation.
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Since the dependence on the momenta directions in the transverse space in such integrals
comes only from propagators which contain scalar products of soft momenta, we focus on
this part first. The most general form of the considered integral reads

R({ki-n},{ki-n})
(k1-ko)®12(ko-k3)23 (kg-k1)231 (ky-ko+ko-ks+ks-ky)®123 ’

where the rational function R contains propagators 1/A; 7 and 1/B; 7, cf. egs. (8.3), (8.4).
We focus on the case ajos3 > 0 and, as the first step, we split the 1/ k%23 propagator using
the Mellin-Barnes representation

[l ida] ks (5.10)

1 1 c7oodzldz2 T'(A+212)T(—21)T(—22)
(k1-ko+ko-ks+ks-k1)»  T'(\) (2mi)? (F1-ko)?124 M (kg kg) =% (k3-ky)~%2

(8.11)

c—100

where z19 = z1 + 29. After this transformation, integration over directions of soft momenta in

the transverse space reduces to the calculation of the following integral
dQ(de)dQ(de)dQ(de)

I(n1,n2,n3) =/ L : : ;

(kl . k2)n1(k2 . k3)n2 (kg . kl)na

where powers ni23 are arbitrary.

(8.12)

To integrate over angles in the transverse space, it is useful to consider auxiliary (d — 1)-
dimensional (Minkowski) vectors, which contain (d — 2)-dimensional transverse momenta.

We write
E'A_ EyJ- ) EvJ-
'7 j?J_

i1
12

oo

The scalar products in eq. (

(i - ) = Y00 = Vo‘ﬂm + JauBio B (pi - ;). (8.14)

If f; = f; = 0, the first term in the above equation vanishes. However, in general this does

) take the form

not happen, and we need to split the scalar product further. We write

c+100

11 dz 2Z(~/azﬂ JaiB) 1
(ki - k> T(N) J 27”F( AA+2) (azﬁzagjﬁg)z/“i“ (pi - pj)* ™ (8.15)

Hence, to proceed further, we require the following integral

1 3 dQ(d*Z)dQ(d*Q)dQ(d*Q)
)) / ( ! 2 3 (8.16)

Qld=2 p1 - p2)Wt(p2 - p3)2(ps - p1)ws’

for arbitrary values of w1 23. Since, to the best of our knowledge, such integral is not available

J(wi, wa, w3) = (

in the literature, we briefly explain how to compute it. First, we apply eq. (D.37) to integrate
over p3. The hypergeometric function that appears in that equation depends on 1 — pg - p2/2

oo}
and obeys the standard series representation . ¢, (1 — (p1 - p2)/2)". Writing
n=0

0o 00 F k
ch (1—=(p1-p2)/2)" :ZC"Z ( p2> , (8.17)
n=0 k=0 F 2



we can integrate over directions of ps using eq. (D.35). Finally, we sum over k and n using
the definition of a hypergeometric function, and simplify the result to I'-functions since after
each summation, the obtained hypergeometric function is evaluated at one. We find

T3(1— )T (1 — 2 — wiag) k" (% TET wi)

3/296e+w123T(1 — 2¢ 3 i—1
( ) 'H1 H1F(1_25_wij)
1=1j=

J(wy, wy, ws) = , (8.18)

where w;; = w; + w; and wi23 = wi + wa + wz. The integral J(wi, w2, w3) is a symmetric
function of its arguments; it is normalized to give J(0,0,0) = 1 and it reduces to known
expressions when any of its arguments vanishes.

The Mellin-Barnes representation that we derived so far is five-dimensional since we
required two integrations for 1/k%53 and then one for each of the three terms 1/k;k;.17 For
each constraint f; = 6 or f; = §, we change the large variable 4; = ;/s? and obtain

00 1
/d’_Yz‘ 6(1 =i —--)0(% — %) f (%) = /dsi (?) 6(L—vy—-)f <Z;> : (8.19)
0 0 ! !
To resolve the d-function constraint, we apply a variable transformation from eq. (8.8)
choosing a particular permutation. We find

1 1
/dwdwd%é(l -y =y =) f(,72,73) = /dwdy zf(z,yz, Ty). (8.20)
0 0

It remains to convert the remaining part of the integral into a Mellin-Barnes representation
suitable for numerical integration. To do that, we enable integrations over x,y and s; by
introducing additional Mellin-Barnes integrations to convert sums of these variables, that
may appear in the inverse propagators from groups A and B, into variables’ products. From
eq. (8.14) one notices that for the nnn case, i.e. when f; = f; = 6, the representation of
ki - kj leads to the factor (s; — s;)’. We would like to avoid such quantities since, after the
application of the Mellin-Barnes splitting formula, they produce a factor (—1)* which conflicts
with the z-integration contour that runs to complex infinity. The solution is to split the
integral into two parts where s; < s; and s; > s;.

The remaining integral consists of polynomial factors in variables x,y, s1 ... s, raised to
some powers. We change the integration variables v; — w;/(1+w;) for all v; € {z,y,s1...5,},
mapping all [0, 1] integration intervals to [0, c0) intervals. Integrals that we are left with
have the following generic representation

On+42 m
I duws [T Pi(a)™s, (8.21)
o =1 §=0
where Pj(u) are polynomials of variables ui,us, ..., u,. For such integrals, the Mellin-Barnes

representations with the minimal number of integrations can be constructed using the package
MBcreate [144]. This package employs the recursive splitting of polynomials P; into two
parts by introducing a single Mellin-Barnes integration at each step, until all u;-integrations

71f some of the constraints are d-functions, the number of Mellin-Barnes integrations is smaller.
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can be performed using the following formula

/du uP(au + b)? = L+ 1)5((:5)_ 4= l)a_p_lbp+q+1. (8.22)
0

We have found that for successful application of the package MBcreate to integrals of interest,
we need to extend it by an additional (simple) integration rule

7duup(1+u)q— C7oodzF(Z+7“)F(—Z)F(1+p+2z)F(2r—p—q—1)
(rw)2+a2y ) 2m T(AT(2242r—q)

c—100

. (8.23)

In practice, we use MBcreate [144] to construct the representation for all possible permutations
o corresponding to different ways of resolving the §-function constraints in eq. (8.20), and
select one with the minimal number of MB integrations.

The above steps are sufficient to derive the minimal Mellin-Barnes representations for all
required integrals. We note that we work with analytically regularized integrals which allows
us to check that our master integrals are regulated dimensionally. To find suitable integration
contours and to perform analytic continuation of Mellin-Barnes representations, we use the
package MBresolve [146], which is applicable also when the analytic regulator is present.
Furthermore, we find it useful to introduce additional parameter to the angular integral in
eq. (8.18) which ensures that all poles of the Mellin-Barnes representation are separated. We
do this by shifting all arguments in J(w1, wz, ws) by an infinitesimal positive-definite quantity,
which we take to be equal to the analytic regulator. Integrals, analytically continued and
expanded in all small parameters, are integrated numerically using the package MB [143].1%

We will illustrate this discussion by describing numerical computation of the integral

dq’see’

J:/(kz‘kg) (k2ys) (k3 - 70) (ka3 - 1) (8.24)

As the first step, we introduce the factor 8Y85a%(p1 - p2) " (p1-p3) Y (p2-p3)~", v — 0T, into
the integrand to achieve the pole separation in the Mellin-Barnes integral. Then, following
the steps outlined in this section we obtain the Mellin-Barnes representation

ct+ioo 10 dz
= <H> (Ja(2) + 1o(2))., (8.25)

gt 21
c—100 n=

where

_ gt—de—2z—224-2s L(1 = )" T(=210)T(=23)[(=24)T'(=25)T'(=26)T (26 + 1)
7l (% — 8) [(=224)T(3v — 66)'(21 + 22 + 2)[(—225 — 27)
D(—27)T(—28)(28 + 1)I'(21 + 22 + 1)['(23 — 21)I'(25 — 22)T' (27 — 224)
F2v—2e—21— 24— 25 — )20 — 26 — 29 — 23 — 24 — 1)
« F(3I/ — 6e + zQ)F(zl —+ zo + 24 + 2)F(223 + 224 — 27 + 1)
(26 —2z10+22+23+24+1)T'(2v — 26+ 21+ 20 — 23— 25 + 1)

Ja

18We have modified the MB package in such a way that a C code suitable for numerical integration is generated.
The modified package can be downloaded from https://github.com/apik/mbc.
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F(V—€+Zl—23+%)F(V—25+210—22)F(V—E+ZQ—Z5+%>
(2 +21 — 24+ 25 — 226 + 27 + 1)
F(I/—e’;‘—zl—22—24—%)F(—2V+4€—21+2’6—Zg)
IN(dv —4e+ 21 — 24+ 25 — 226 + 27 + 28 + 229 + 2)
3v—2e—z23—2z4— 25— 1)I'(2v —de+ 21+ 210 — 26 + 29 + 1)

X

X

2421 — 24+ 25— 226+ 27+ 28+ DI(—225 — 27 — 28 — 1)

x I(

x (26 — 2210 + 22 — 23 — 24 + 27)T(4v — de + 21 — 24 — 25 — 226 + 229)

x I(

X D(—=v+2e — z10 + 22 — 29)T'(225 + 27 + 25 + 2), (8.26)

J, = 9v—te-2m—2u-2z P(1 —¢)*T(=210)L(=23)(—24)T(—25)L (= 26)T (26 + 1)
7T (3 — &) D(=225)T(3v — 66)0 (21 + 2 + 2)
I'(—27)'(=28)(28 + 1)I(21 + 22 + 1)I'(23 — 21)[(25 — 22)['(27 — 225)
(=224 —27)T2v =26 —21 —24 — 25 — 1)['(2v — 26 — 29 — 23 — 24 — 1)
D(z1+ 20+ 24 +2)T(223 + 225 — 27 + D)[(—224 — 27 — 28 — 1)
P2y —2e4+ 21+ 20— 23 — 25 + )26 + 21 + 24 — 25 + 226 + 27 + 3)
F(V—€+Zl—Z3+%>F(V—E+2’2—Z5+%)
I(de — 21 + 2210+ 24 — 25 + 27 + 28 + 2)
F(V—&—Zl—Z2—Z4—%)F(3V—2€—Z3—Z4—Z5—1)
[(—4v + 10e 4+ 21 + 22 + 23 + 25 + 226 — 229 + 3)
XD(—v+2e+4+21— 210+ 26 — 20+ DI(—2v +4e + 21 + 29+ 26 — 29 + 2)
x (2 —4e — 21 4+ 210 — 22 — 26 + 29 — 1)I'(224 + 27 + 28 + 2)
X I(—4v + 10e + 21 + 22 — 23 — 25 + 226 + 27 — 229 + 2)['(3v — 66 + 29)
x I'(
x I'(

X

2+ 214 24 — 25 + 226 + 27 + 28 + 3)T'(4e — 21 + 2210 — 24 — 25)
v—2e—2z1+210— 26— 1). (8.27)
We use the MB package to expand the above integrand in the parameters v and ¢, and

take the limit v — 07, ¢ — 0 afterwards. Integrating over Mellin-Barnes parameters, the
following numerical result is obtained

0.104167 0.25 1.7820119(14)  2.077362(8)
B = g Ta T g2 a €

— 100.8647(18) — 1049.07(4)e — 8238(2)>. (8.28)

Upon computing the same integral by solving the differential equations in the auxiliary
parameter, as described in section 6, we find

0.104167  0.250000 1.78201  2.07736
1 + 3 + 2 B
€ € € €
—100.863 — 1048.99¢ — 8238.03&>. (8.29)

JpE =

The two results are in very good agreement with each other and, in fact, this level of agreement
is typical for the many comparisons that we performed.
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Figure 4. Number of master integrals with propagator 1/k%,, that have specific relative errors as
defined in eq. (8.30), calculated for each order in . Here ¢V denotes the highest order in € required
for each individual integral in the final expression of the soft function.

Out of 139 master integrals with the 1/k%; propagator 107 are checked through all
required orders in ¢ with at most a 5% deviation for the central value. For the remaining 32
integrals the precision rapidly deteriorates once we move to higher terms in the € expansion.
The total number of evaluations used to obtain the value of a particular integral by means of
Monte-Carlo integration varies greatly from integral to integral leading to vastly different
runtimes needed for obtaining accurate numerical results.

The numerical results are summarized in the density plot figure 4 where the relative error

JpE — JuB

: 8.30
Tom (8.30)

o = logg

is calculated for each order in the e-expansion. We note that results for all integrals expanded
through all but the very last order in the e-expansion are indirectly checked by our ability
to reproduce divergencies of the soft function. On the other hand, we do not see anything

N=lrow to the eV-row in figure 4 strongly suggesting that

particular when moving from the e
standard deterioration of the numerical precision occurs for higher orders in the expansion
when the Mellin-Barnes method is employed.

8.3 Numerical checks at finite m?

Determination of complicated integrals from the differential equations at finite m?2, as discussed
in section 6, is a critical element of our approach to compute the zero-jettiness soft function.
Hence, high-quality numerical checks of integrals at finite m? are very much needed. Among
other things, they give us confidence in the correctness of the filtered system of differential
equations and of the boundary conditions at m? = co. The goal of this section is to discuss
how such checks are performed.
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We note that integrals where a mass-like parameter is introduced into a propagator 1/kys
are less divergent than the original ones, since m? acts as an infra-red regulator. It is possible
to construct the Mellin-Barnes representations for such integrals, following the discussion in
the previous section. However, quite often, this does not allow high-precision evaluation of
sufficiently many terms in the e-expansion, because such representations contain one additional
Mellin-Barnes integration in comparison to the m? = 0 case. Because of this, we look for a way
to perform such checks for numerous m?-dependent integrals, using the sector decomposition
methods. The idea is to numerically compute many nearly-finite integrals, for which the
proliferation of sectors can be avoided, and then use the integration-by-parts reduction to
relate them to the master integrals that we actually employ and would like to check.

To explain how this works, we introduce three angles between vectors ki3 in the
(d — 2)-dimensional transverse space. The scalar products read

2
(k1 - ko) = (Var5 _2 a2 + VaiBfrazfs (1 —cosbrz),

— ——\2
(ko - ks) = (Vasf _2 ash) + VagBrasfs (1 — cosbas) , (8.31)

Va1 B3 —\/asP)
2

2
(kl . k3) = ( —+ v/ a151a3,33 (1 — COS (912 COS 923 — sin 912 sin 023 COS 913) N

where 0;; are the relevant angles. We change variables to map the three angles onto a unit
hypercube; the variables are introduced in such a way that the appearance of square roots
in the integrand is avoided. Explicit formulas read

2t1t; t —t

S 012 ZT/% T t%’ COS U192 t? T t% ( )
. 2tats to — to

O3 = 55— 023 = 55 8.33

sin fa3 B cos b3 P (8.33)

sin (913 =2 )\35\3, COS 913 =1- 2)\3, (834)

where, as before, £ = 1 — x, for all variables. The integration measure becomes
-3 _ _ _
(2U-2) a0 Panl"Paaf? = (8.35)

Q(d—3)Q(d—4) dt, 9l—2¢ dts 9l-2¢ d)s 9—1-2¢
(2)" ()™ (B +8) (02)" (B4 8B) (ady)

where all integrations on the right -hand side are restricted to the [0,1] intervals. The
remaining integrals over the light-cone components are simplified using eq. (8.19) to resolve
f-function constraints, and eq. (8.20) to eliminate the jettiness d-function. For each pair
of same-hemisphere emissions with f; = f; = 6, we split the integration into two regions
s; < sj and s; < s; to avoid the line singularity. Since in the most complex integrals with
three #-functions, only two partons can be emitted into the same hemisphere, there is only
one scalar product where such a splitting is required. Performing these steps, we obtain an
eight-dimensional integral over a unit hyper-cube in variables x,y, s1, ..., Sn,t1,t2, A3. In
general, these integrals have a complicated structure of infra-red divergences and even if some
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divergences are “screened” because of the m? parameter in the 1/k%,; propagator, they are still
very difficult to calculate. Part of the reason for this is an interplay of ultra-violet and infra-red
divergences in many master integrals, which becomes hidden if all integration variables are
mapped onto a unit hypercube. This observation suggests that one possibility to simplify the
computation of mass-dependent integrals, is to choose them to be ultra-violet-finite.

Hence, instead of calculating m?-dependent master integrals, we find it more beneficial
to find a (large) set of less divergent integrals, compute them numerically with high precision,
and express them through master integrals to obtain constraints on the latter. In fact, by
calculating a large enough number of such quasi-finite integrals and comparing them with
the results of the reduction and with the solutions of the differential equations, we obtain
a very powerful tool for checking master integrals at finite m?2.

Because we need many integrals for such checks, it is useful to develop an automated
procedure to construct them. To this end, we note that since we have access to numerical
solutions for all master integrals with m?, we can select a subset of integrals F which are
e-finite. Because we work at finite m?, any derivative of any such integral with respect to
m?, is also finite. Hence, it can be “easily” computed numerically and also expressed through
the master integrals using the integration-by-parts reduction.

Although the procedure described above is relatively straightforward, it is important to
notice that the construction of the e-expansion requires care since the integration measure
in eq. (8.35) exhibits artificial divergences at A3 — 0 and A3 — 1. We have found it
to be convenient to subtract these divergences from the integrands and add integrated
subtracted terms back. Properly subtracted integrands can be expanded in € and integrated
numerically with CUBA [147]. Results for finite integrals obtained in this way provide the
most accurate numerical checks of the finite-m? master integrals, especially for higher orders
of the e-expansion.

Two comments are in order here. First, one can extend the list of integrals F by including
there also integrals with simple divergences, e.g. the ultra-violet ones. Second, it is convenient
to express the derivatives of integrals F through master integrals recursively, using the
differential equation, instead of performing the real reduction, see eq. (6.13)

Finally, we note that for some integrals and their derivatives, that enter the differential
equations, it was not possible to find finite or easily-calculable divergent integrals that would
allow the above checks. In such cases we had to work with integrals whose divergence
structure is complex, and involves overlapping divergences. Unfortunately, the numerical
integration rapidly becomes very challenging due to a large number of terms that appear
after the sector decomposition of all possible overlapping divergences.

To reduce the complexity of the integration, it is crucial to find integrals with as sim-
ple a divergence structure as possible. We do such an analysis before the actual integral
calculation using the following technique. Our starting point is the parametrization of the
(d — 2)-dimensional transverse momenta integration measure shown in eq. (8.35), comple-
mented with integrations over other variables over the unit hypercube. After splitting the
integration domain in case of the same-hemisphere emissions to avoid the “line singularities”,
all divergencies of the integral are located at the boundaries of the integration domain, i.e.
either at zero or at one.
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Our approach to detecting potential divergences of the integrals is inspired by techniques
developed for the analytical regularization of parametric integrals [148] and for finding finite
integrals [149]. Suppose we integrate over a set of variables {v;} over the unit hypercube. It
is useful to switch to new variables v; = z;/(1 + z;) remapping all divergences from v; = 1
to z; = oco. Integrals of interest become

T dz; - a;
/H — 1L P (2105 20) - (8.36)
o =17 j=1

Potential divergences of such integrals can be identified by considering subsets of variables
{#1,...,2,} and studying limits when the variables from the subset approach zero or infinity.
Specifically, we consider two non-intersecting subsets of Z,, = {z1,...,2,}, that we will refer
to as Zy and Z,, such that Zy U Z, € Z,,. We then rescale all variables z; € Zy by z; — Az;
and all z; € Z by z; — z;/A, and consider the limit A — 0. Upon doing this, the integral
receives an overall factor A”. The integral is divergent in the above limit if

w <0, (8.37)

By considering all possible subsets {Zy, Z }, it is possible to detect all potential divergences
of the integral. If divergences with a non-empty set Z., are detected, we split the integration
domain for each variable z; € Z,, and remap divergences that arise at z; — oo to zero by an
appropriate change of variables. Continuing this procedure, we obtain the set of integrals
where all potential divergencies are located at the origin.

To select candidates that are best suited for numerical evaluation, we choose integrals for
which the minimal number of such splittings is needed. Since the remaining integrals after the
splitting can only have divergences at the origin, we prefer integrals with the smallest number
of shortest Zg lists. The resulting integrals are computed numerically with FIESTA [145]."

9 Soft function renormalization and checks from the renormalization
group equation

The result for the N3LO soft function has been already presented in ref. [1]. In this section
and in a few appendices, we collect all the different contributions that are needed to obtain
this result.

We start with the bare soft function. Restoring the dependencies on 7, sqp = 2p4 - P,
and the normalization factor P, we write

As Sab € A2 Sab 2¢e AS Sab 3e 4
_ s s s A 1
Sew=0r)+ 7 () S+ 7 (tg) Se+ 5 (os) Sevo(ad), ()

where the expansion parameter reads

Ay = g (9.2)
T (m)2er(1—e)’ '

19We note that some finite-m? master integrals have also been checked with a patched version of
pySecDec [142].
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and g, is the bare strong coupling constant. The NLO and NNLO contributions S} 2, needed
through higher orders in e, have been computed in refs. [2, 94, 95], and can be found in
eq. (A.8). The N3LO part S3 is comprised out of three terms

Sy = SRV 4 SRRV 4 gRRR (9.3)
which refer to the two-loop corrections to single-real emission, the one-loop corrections to
double-real emission, and the triple-real emission, respectively.

It is straightforward to compute the two-loop correction to the single-gluon emission
because the corresponding soft current is simple and because the integration over the single-
gluon phase space is easy. This contribution was calculated in ref. [3]; we present its
independent computation in appendix B.

One-loop corrections to real-emission amplitudes with two soft partons (¢g and gg) were
calculated in refs. [3, 6]. The RRV contribution in eq. (9.3) can be written as

3 3
SE%V = Cos (WE) (Sﬁif){\/,gg + Sl(%F){V,qtj) ) (9'4)
where the two quantities SP(S’P)M 99° SP(SP)W, 47 can be found in ancillary files to ref. [6].
Triple-real emission contribution to the N3LO soft function, SE%R, whose calculation

is described in this paper, is quite demanding. To describe it, we note that each of the
perturbative contributions in eq. (9.1) admits a Laurent expansion in &

Sp= Y Spre" (9.5)
k=1—-2n

We also note that it is possible to predict all contributions to the N3LO soft function S3

through S3 o from the renormalization group equation that the soft function satisfies, cf.

eq. (9.10). Hence, using these predictions, the results for S§VV and SFRV, and eq. (9.3), it is

possible to predict all terms in the expansion of SE%R in ¢ through O(). For this reason, we

do not show these terms and only say that our calculation of the triple-real contribution does

RRR
1

reproduce them. The coefficient 5377, which cannot be predicted from the renormalization

group equation and the knowledge of other contributions to the soft function, reads

15692 277 2144
SRR _ 0,3%<131072€§ 1569 8#”) B C%%nfTF( 77376 21440

945 243 81
70912 12544 4 12800 , 9 (540224
— 1184 —
9 3+ 135 T (3 + 6118 Cg,) CiCa 543
10496 , 218048 9112 , 35200 , 13928 4 (9.6)
_ _ _ — 1682 _
31 ™ 9 3 o7 T+ 3 s C3 68 56C5 105 T

+ 73104(%) — 18285.58462095074CrC% + 3809.242380482391CrCaAn TR

— 556.5414878890519CRrCrn ¢ TF.

We note that the C3 and C% terms in eq. (9.6) originate from iterated emissions; their

calculation is discussed in appendix C. Combining S};f”R with contributions from the RVV
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result in (B.22), and the RRV result from [6], we obtain

156928 977376 21440 , 70912
Ss1 = C3%(131072¢2 — 6) — C%n:T, ( - 2
o R( G~ 95 " RUEF o3 s 7 T @
12544 , 12800 , ) (540224 10496
1184¢5 ) — _
Ty T g " Gt OLI8 <5> CrCa\ 743 81 "
21804 112 2 1024
_ 218048 0 OI2 39200 5 6s056¢s 4 102t a6 1 13104¢2
9 97 3 35 (0.7)
9224512 839552 1664 ., 9664
22 2 4
T _ _ _
+ Cry F( 81 > 2187 27 T 405 " )

— 8308.681872115387535516222257103021
+4352.6418957721480642594288751CRCan Tk
— 158.21578438939415938180801214CrCrn 1.

We need to renormalize the bare soft function and the bare strong coupling constant that
appear in eq. (9.1). The renormalization of the strong coupling constant amounts to expressing
the bare coupling As through the MS coupling as(u) with the help of the following formula

2e eYE

2
A= 0V S e 2o = 1— a2l @_&) vo(ad), o9

where [y are the expansion coefficients of the QCD S-function that can be found in
appendix A, and as(u) = as(p)/(4m).

The remaining divergences of the soft function are removed by a dedicated MS renormaliza-
tion. It is convenient to perform this renormalization working with the Laplace-transformed
soft function, defined as

S5 (as(p), Ls) = / dre™ ™S, p(as(i)). (9.9)

In the above equation Lg = log (uti\/Sap/P) and u = ue?®.
The renormalized soft function reads

S (as,Ls) = Zs (as, Ls) Sg (as, Ls) (9.10)
where both as; and Lg depend on the scale . The constant Z fulfills the renormalization
group equation [95, 150-152]

9 9 .
((% + B ) log Zy (a5, L) = —ATwusp(as)Ls — 29°(ay), (9.11)

where the -function and the anomalous dimensions can be found in appendix A. Solving the
renormalization group equation, we find the renormalization constant Z; the result is given
in appendix A. Using it in eq. (9.10), we obtain the renormalized soft function.

It is convenient to write the renormalized soft function in an exponential form. To
this end, we define the logarithm of the soft function 3(Lg) = log S(Lg) and write its
perturbative expansion as

o) i+1
g(LS)zlog[S( } S al > L (9.12)
=1 7=0
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Coefficients of terms with non-vanishing powers of logarithm Lg in eq. (9.12) follow from the
renormamlization group analysis and can be calculated from the following recurrence relation

92 1—1
Cij = <j > Ck,j—lﬁi—l—k) —2(8j0Ti1 + 0517 4) - (9.13)
k=1

In eq. (9.13), 5, I'; and +; are the As-expansion coefficients of the S-function, cusp anomalous
dimension and soft anomalous dimension, respectively. They can be found in appendix A, cf.
egs. (A.2), (A.4), (A.6). Explicit expressions for coefficients Cj; in eq. (9.13) are presented
in appendix A as well.

The coefficients Cj o, i = 1,2, 3, have already been provided in ref. [1]. We repeat them
here for completeness

80 1547r2_10443
81 27 9

Cio=—Cgr?, Coo=Cp [nfTF ( +

2140 87172 286 1474
e | 87l 286G 14w ’
80 54 9 15

(9.14)

265408 40072 51904¢; 32874
Cso = CR|n3T? — —
30 R["f F ( 6561 243 243 1215

+nsTp (CrXpr + CaXrpa) + CE‘XAA],

The numerical constants truncated to sixteen significant digits are given by [1]

Xrp = 68.9425849800376,
Xrpa = 839.7238523813981, (9.15)
Xaa =—753.7757872704537.

10 Conclusion

Recently [1], we have presented the calculation of N3LO QCD corrections to the zero-jettiness
soft function. The technical details of the computation were not discussed in that reference.
The goal of this paper is to fill this gap and to provide a detailed discussion of the theoretical
methods employed and developed by us in the course of that computation. A particularly
challenging contribution at N3LO QCD is the triple real-emission correction since in this case
the phase space includes one Heaviside functions per soft parton making it especially complex.

Methods discussed in this paper encompass the extension of reverse unitarity [129]
to real-emission integrals with f-function constraints, the need to introduce an analytic
regulator and the idea of “filtering”, which allows us to remove this regulator from the
properly-constructed integration-by-parts identities, computation of phase-space integrals
using differential equations obtained by introducing an auxiliary parameter, calculation of
boundary conditions as well as numerical computation of zero-jettiness phase-space integrals
which turns out to be quite demanding. We hope that theoretical methods developed by
us in the context of the zero-jettiness soft function computation and presented in this and
earlier papers [5, 6, 93], will be useful for extending the N-jettiness slicing scheme to arbitrary
number of hard partons at N3LO in perturbative QCD.
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A Perturbative expansion coefficients

In this appendix, we collect the various quantities that are needed for the calculation of the
N3LO zero-jettiness soft function, see e.g. ref. [152]. The QCD S-function is defined as follows

oo
Ba, = —2ea; — 2a’ Z ﬁkag, (A.1)
k=0

where as = as/(4m). The two coefficients, relevant for the computation of the soft function
at N3LO, read

1 4 34 20
bo=5Ca=gniTr, B1="75C4~ 5 CansTr — ACrnsTF. (A-2)

We write the oy expansion of the cusp anomalous dimension as
_ 2 3
I‘cusp =as |I'p +asl'y + a2 + O (as):| ) (A3)

with the expansion coefficients

Ty =4Ckg,
28 4 ,\ 80
88 490 536 44
_ 2 (% B 2, %3 4
FQ_CRCA<3C3+ 3 21" +457r> (A.4)

224 1672 160
T | ——(G — —— 2
+CRCAnf F( 3 (3 97 277‘1’ >

220 64 22
The soft anomalous dimension ~° reads
7 = a7+ asyi + a2 + O (af)] (A.5)
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where

7% =0,

v§ = CrCy (—28C3 + % — 1917r2) + (;%2 22274> CrnTr,

V5 = CrC% ( 1316@, + §7T2C3 +192¢5 + 13;32;81 — % 2+ ii 4)
+ CrCany TR <1;l?6 G — 2§SS4 2284238 - 1‘;%4) (8.6)
+ CrCpn T (608@ — 3;% + gﬁ igw‘l)

Using these quantities and the renormalization group equation, we compute the soft-function

renormalization constant. We find

R s
* FEI)LS * F%L2] s Eja - 3525‘% + <B§Fo - 4F0F1>€14
- (9511“0 + Tgﬁorl - QFo’Yf);g, + (F2 360 1) + 3—2 + (ZE’ (A7)
- 52)(;;3 + <§ gfo + 3F0F1>€13 - <3B1Fo + 550F1 — Fofyl> 61 4 2322)[,5

'3 25,I2 2F1F0 AT3
+ (0 — 0+ )L 3E§L?§} +O(ad).
The last two ingredients that one needs are the soft functions at NLO and NNLO. The

coefficients of the e-expansion through the required orders are [2]

gt g3

S1,-1 =8CR,
Sy_3 = —320%,
16 44
527_2 = —gCRnfTF + ?CRCA’
64 80 268 4
527_1 = §7T2CR — KC’RTLJ“TF + CRCA (9 - 371'2) s
16 448 1616 44
— 51202 T 2_) <_ _2>
S20 = 512CR(s + Crnf Ty < o ~ o)t CrCa | —56(3 + o o™ )
64 320 320 112
Sa1 = on'Ch+ Crny T <g3 - 2)
880 8560 98 4, 268 ,
+CRC“‘( EI AR TR 9”)’
1024
Syo = C% (6144C5 — 07r2C3>
1408 8576 208 4, 640 2)
Te [ — 22202
+ CrnyTr ( SR E) 81"
49664 572 1472
32 4 40064 072 4 1472
+ CrCy ( 680(s + 1072(3 + 71' (3 + 913 45 g1 > ,
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10112 9088 13952 1280
So 53 = C% 7% — 4096 ) C T< - 2
2,3 R( Y ¢35 ) +CgrnsTr 3 G5 + o7 (3 o " (3
138688 832 , 4000 , 24992 31456
_ 504 it
729 45 &1 " ) +CRC“‘< G — 504¢5 — 57 @
3520 ,. 270112 40 , 1876 9664 2)
2020 _ 26 200 e TOOR 2 A
+ ety T T T " (A.8)

Divergent contributions to the soft function are related to anomalous dimensions and -
function coefficients. We summarize these relations below

S1,-1=2T0, S10=0,

S —3=—2T%, Sa_2=PFolo,

4
527,1 = -2 5171 I'g+ §7T2F(2) + Ty,
1
S20= =2 812 To +260 S11 — <m*Bolo + 32T + 297,
3
Ss_5=T38, S3_4= —§ﬁ0F37

S3

)

3 2 3
3= Syq T3+ gﬁgro — 273 — 5rlro,

3 15 9 1 4
Sy _9== 81228y S11 Lo+ =n2BoT2+ =Bilo + =Bol'1 — 3075 — 6433
s—2=5 512 To— 7 Bo S11 T'o+ i Bol'g + 351 o+ 3ﬁ0 1 01 631, (A.9)
3 3 3 3
S3_1=—7 52,1 Iy — 3 Si3 TE— 1/30 S12 To+ Sia (—4F1 + 385 — 7T2F3)

1 4 2
— §7r2ﬁ3r0 Ew‘lr + 21T Ty + gf‘z + 72B0¢30G + 48075,

3 3 21
S30 = —3 Sa2 To+ 3B S2q1 — 3 Si1a T3+ Zﬁo S13 o+ Sip (—7?21%

3 9 3 3
- Zrl - 3ﬁ3) + Sia <+87T250F0 — 48(3T3 — §7f + 251)

1 1 1 2
+ £ Bol — oAl — <’ fol's + Am° Lo + Z63¢sT0 — 960¢Tg
4 9672¢3T8 + 72¢30 T + 275,
Contributions that cannot be obtained from the renormalization group equation alone are

marked with boxes.
Terms in the soft function that are multiplied by powers of the logarithm Lg are

Ci1=0,
Ci2 = —8CR,
1616 44 , 448 16 2)
p— —_—— — — T R PR
Co1 =CaCRr (56(3 97 9 ) + CrnyTp ( 57 + 9 ;
8 536 160

Co2 = CrCy ( 2 - 9 ) 70RnfTFa

176
023——7CRCA+ CRnfTF,
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Figure 5. Soft amplitude squared (I x m)-loop contribution with single soft gluon emission.

Oy = CAC (36272 o @WQ o — 38465 — 557620942 B 5(2)i§47r2 N 8987T4>
+ CrCn;TF <— 1220764C3 + 167026;8 + 3226%2 - 142587r4> (A.10)
+ CRnfTF<236C3 + % — 29567r2>,

C32 = C3CR (352@ - % + 12—0;1772 — iiw‘*) + CRCAnfTF(3288116
- 1§8w2> + CRC’anTF(ZLg‘O — 128§3> + Crn3 T} (-32(1)0 - % 2)

Cs3 = CRCA (325727r2 — 28;;30) + CRCAnfTF<18;196 — % 2)
+ %CRC’FWTF - 2260 Crn3T?,

Chg = _@CRCA 1;1280R0AnfTF - 2576 Crn3T2.

B Single soft-gluon emission corrections

In this appendix we compute the single-gluon N3LO QCD contribution to the zero-jettiness
soft function. It follows from eq. (2.4) that in order to do that, we need to integrate the
square of the single-soft eikonal current, truncated at O(ag’), over single-gluon phase space
subject to the zero-jettiness constraint.

To facilitate this computation, we write perturbative corrections to the soft current

) =9s Zggl'](l (B.1)
and define the product of I- and m-loop currents

,a

wi (k) = —g" Re [T0] ()T (R)] (B.2)

where summation over all color degrees of freedom, as well as over gluon polarizations, is
assumed. Thanks to the simple dependence of the soft currents on the external momenta,
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this quantity reads

= 1+(l4+m)e
) , (B.3)

wym (k) = CmRe {e_”l’semmﬂ (Q(kn)(k:ﬁ)

where the constant C;,, contains all the information about colors and other quantities that
depend on [ and m but not on momenta k, n and n.

To calculate soft-function contribution s; ,, from diagrams with [ x m loops we sum over
two hemisphere configurations and integrate over the gluon momentum k

slm—/\f Z /dq)fwlm

f=6,0

- 1+(l+m)e
n > (B.4)

= N.Cppmcos[(l —m Ao (
nn)1+(l+m)

= 2N, cos [(I — m)me]Cppm F(L+m) (2

Using the following expressions for the integration measures,

Ay = —[dMS(1 — k- )0k -7 — k-n), dDy = —[dKS(1 — k- )0k -n— k- 7), (B.5)

N Ne

and the fact that the integrand is symmetric under n <> n replacement, we find

dadg 7 1
F(m) = [ 557601 = 8)6(a — A) < 1/ e = e (B0
The final expression for n - n = 2 reads
Cl m
Slm — 2./\[5 COSs [(l - m) ] m (B7>

To find corrections at N3LO, we require sg 2, s20 and s1,1. To fix the normalization, we start
with the lowest order contribution. Writing the leading order current as

n n
T =Ta (5 - ). (5.3)
and using it in egs. (B.1), (B.3), it is easy to fix the constant Cpo = 4Cr. The one-loop
current was computed in ref. [153] and we borrow it from that reference. It reads®’

with
(1 —e)%(1+¢)

A=-Ca e2I'(1 — 2¢)

(B.10)

20Gince we consider n, 7 and k to be final-state momenta, the (—1)° factor should be understood as e,

see ref. [153].

,57,



Then, using eq. (B.8) and eq. (B.9), we calculate the NLO contribution

w10 = wo,1 = woo NeX [2(/{73)(1?7@)} , (B.11)

and use eq. (B.3) to fix the following constants.
Co,1 = C1,0 = NoXCop. (B.12)
Similarly, using eq. (B.9) we can calculate w; ; and extract the corresponding constant
Cr1 = (N2X)2Cop. (B.13)

The result for the two-loop contribution is [113-115]. We use ref. [113] and eq. (B.3) to
fix two remaining constants

N.T3(1— e)D(1 + €)>2 @

Co2 = Co0 =4CR ( T = 2) Toott- (B.14)

The constant réiﬁt is defined in [113]; it reads

Tégzt = QCAnfTFR1 + CE‘RQ, (B.15)
where
R~ L5 +(19+7r2)1
1763 7182 " \54 18/ ¢
65 5 , 8 211 4 , 40 w4>
22 22 2 b B.16
+ (162 T 3C3) +€<486 17 T 9% 15 (B.16)
287¢3  812(3 665 15172 7r4>
2 3
- 325 — —— 4+ 2" 2 )40 :
‘E( 57 T T3 Tm T e o) (€>
! 11 67 1 ,\1 193 11 , 1)1
Re=9~ 193 (36 g >52 ( 51 T3 T 29):
(571 67 , 44 29 4) <3410 83 , 268 11,
N =t =T -G |~ T —— (3 — =T
81 ' 108 3 360 243 ' 81 9 30 B17)
2 2 +37C> 52(20428+ 1007 , 1679 67 4 447r26 ‘
_ 2 3T\ _ 2 o7 4 44
3" 3T s 720 ' 486 27 > 90 g " >3

451 4 29 , 5
— 17605 + e + 2C3>+O(e).

Finally, we use the above results to compute the single-gluon contribution to the soft
function through N3LO. Writing

Sy = A 8D + AZSP) + A3SE 1 0 (4A2), (B.18)
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where the strong coupling constant A is defined in eq. (9.2), we obtain

S0 = %0 _ §CR» (B.19)
8
552) = m (51,0 + S0,1) = fC’R cos (me) X, (B.20)
S = (520 + 51,1 + 502)
g /\/3
8 I3(1 — e)I(1 2
= gC’R (2(2 + 2 cos (27e) < ( F(lg)— 2(€)+ E)> Tézzt) . (B.21)

RVV
53

To conclude, we explicitly write the result for = 5’53) expanded through the required

order in €

16 16 44 1
SRV — 59 — 25 —CRrC?% + (90A0Rn 1Tr — 90,303) o

268 28 80 1
_<(+ 7T)CACR 7cAcRnfTF)€3

27
- (chca(Tgr - S+ Fa) - CaCanTr (g - 527) ) 5
- (+ 0A0R<92f36 - %‘%2 - B+ nt) + cAcRnfTF<320<3
32 (3 + 488(5) — CrCanyTr (3732796 - % 2 @C - % 4>>
- €<CRCi<3§f§§8 S ARl RCRE A
B 29392 . 22(2);1 5, 136, 43>  CaCanTs (12016;70 - 87625967T2 - 10;100 5

2, 1600 , 1088 )) ,
3L +277TC3 G5 (8)

C Iterated real-emission contributions

As we explain in this appendix, some of the real-emission contributions to the N3LO soft
function can be computed with a relative ease. To this end, we consider the real-emission
contribution to the n-th order term in the expansion of the soft function in as, cf. eq. (2.3),
and write it as

s = /H [dki] 6(r — To(n)) Enlkr, ., kn)- (C.1)
i=1
The functions &, contain contributions from all possible final states and color structures and,

in general, they cannot be predicted from similar functions at lower orders. However, for
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certain color structures, their form simplifies. Following refs. [116, 118], we write

1(k1) = Crwg(k1), (C.2)
(k1  k2) = % (sz%wg(kl)wg(b) + CrCawgg(ky, k2)) + CrnfTrweg(k1, k2),  (C.3)

Eallns o, o) = 5 (g (kg (k) ()

+cﬂhmwhmwh¢g+u9m+u«wn> (C.4)
+ C%nprwg(kl)wqq(kg, k‘g) + ...,

where ellipses stand for contributions that are unrelated to lower order ones. The func-
tions wy (k1) and wyg(k1, k2) are called wgé(kl) and wg)c(kl, k2) in ref. [116]; the function
wqq(k1, ko) is called wgg;(kl, k2) in ref. [118]; they can be extracted from those references.
The common feature of the contributions to (3 shown explicitly in eq. (C.4) is that the
single-gluon emission contribution w, factorizes as least once.

Since the zero-jettiness Tg is a linear function of the soft partons’ momenta, the factor-
ization property can be exploited by computing the Laplace transform of the soft function.

We introduce it by considering the C’% contribution to SE)). We write

, 3
SR ?}!/dr e [ 1[dkila(r = To) wg (k1) wg (ko )wg (k3). (C.5)

=1

Integrating over 7 and using the fact that Ty = To(k1) + To(k2) + To(ks), we obtain
3
DCr]" (C.6)

Subleading contributions C}%:C 4 and C%n #TF are obtained in the same way. Computing
the Laplace transform and accounting for the permutations, we find

(3),C4Ca (3),CinsTr

Su —_ S&l),cquSQ),CRCA’ S’u, _ S&l),CRSQSQ)chnfTF‘ (07)

Because the scaling of the soft function S&n) with respect to 7 is fully determined by n, the
following relation between the soft function and its Laplace image holds

S0 = D(—2ne) u2=sM| (C.8)

u
T=1

Hence, once the Laplace imagine is known, it is straightforward to reconstruct the 7-dependent
soft function from the above equation. When writing the soft function S; below, we will
always assume that 7 is taken to be one and we will not indicate this further.

Required NLO contribution to eq. (C.7) can be easily calculated from the exact re-
sult for 5’9)

8I'(—2¢

= 8028) e (C.9)

9 9
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Using eq. (C.6) and eq. (C.8), we find the part of the N3LO soft function proportional
to C3 to be

.03 _ T%(=2¢) 1o).cn]® _ 2560°(—2¢)
SR S, Cr|" — 22 A 22/ C.10
60 (—6¢) [ T } 3e3T(—6¢) ( )

To calculate contributions proportional to C’]212 using eq. (C.7), we can extract the required
parts Sq(f)’CRCA and Sz(;)’CRnf Tr from the NNLO soft function in eq. (A.8). To get the real-
emission contribution for the final-state gluons, we need to subtract virtual corrections from
the NNLO soft function. On the contrary, in case of the ¢g, no subtraction is needed, and
we can use the NNLO contribution 552)’0Rnf Tr directly. We obtain

S£3),C§nfTF _ ['(—2e)'(—4e) S(l)cRSg),cRnfTF
I'(—6¢) T
zi—f+%+€% <836—1§07r2> +i<—2176c3+62470+227r2)
+ (256C3 - % — %# — ?’i?‘w“) (— 70312@,
+ @WZC:’, — 61184¢s5 — 27213376 + 2184140772 — 1?2:47#1)5 +0 (62) .

(C.11)

As we mentioned earlier, to obtain the C’IQ%C ‘4 part of the soft function, we need to
subtract the real-virtual corrections from the O(CrC4) term in the NNLO soft function.
The real-virtual contribution reads

8T5(1 —&)I3(1 +¢)

@ _ _ 12
SRV e3T2(1 — 2e)I'(1 + 2¢)’ (C.12)

where the color factor CrC4 is not shown. By combining the relevant contributions, we
obtain the final result for the coefficient of the C%C’A color structure

3),0304 _ D(=28)T(=4¢) (1),0n [ a(2),CrCa _ a2
S7 = T(<6s) Sy R[Sr . SRV}

48 88 1 536\ 1 3232 440
=+ (887 == |+ ( 2736(— —— + —— 2)
gd 84+83( T 3 >+52( G 9 + 3"

+ (5984C —%ﬁ%ﬁ 3887T4> éJr (2144C3—48967r2cg i
+68880C5—9983128 +15287727r2 +9i;67r4> +<2189048 C3_3,53)()%2 : (C.13)
73104¢2 + 1682565 — 542042324+ 10:1967r2+9;27r4

+1i)3§87r6>6+0 (52) :
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D Angular integrations

Partial fractioning identities

1 111
(p1-pa)(pr-pa)  2(pr-pa) 2 (p1-pn)’

1 111
(Pl'ﬂn)(pl pn) 2 (pl'/on) 2 (pl'ﬁn)7

1 1 1 A 1
(or-on) (1Pm)  1=A(p1-pn) 1=A(p1pm)’

1 1 1 A 1
(p1-pn)(p1- Pm) L+A (p1opn) 1+ (p1pm)’

1 1 1 A 1
(p10n) (1Pm)  1HA (p1-pn) | 14X (p1pm)”

1 1 1 B A 1
(Pl'/)n) (p1- Pm) Ap1-pn)  1=XA(p1pm)’

(m-pm) (p1-pm)

1—
11 1
2 (p1- pm) 2 (p1-pm)’

(pr-pn) _ (p1-pa) _

(p1-pn) (p1-Pi)’ (p1-pi) (p1-pn)’
(p1pn) _ 1 (prpn) _ 1
(p1+Pn) 1+2(p1-ﬁn)’ (p1-pn) 1+2(p1-pn)’
(prpn) 1 1-X 1 (p1-pm) _ 1
(p1-om) A A (p1opm)’ (p1-pn) A= )\)(Pl pn)’
(prpn) 1 14X 1 (p1-Pm) _

(rpm) XX (prpm)’ CUSRA
(pl'ﬁn) __l_i_ﬂ 1 (pl'pm)

(prom) A X (p1pm)’ (p1-pn)

(prpp) 1 1=-X 1 (P1-Pm) _ _
orpm) N A (o)’ (o) TN
(pr-pm) (p1-pm) _

orm)  orpm)” (01-0m)

Integrals defined in (7.46) after partial fractioning identities application

ooooo = L.

Q((;foolgoo = Ic(z )1 ‘ap?

Q(()ig(}goo = 15121;a2,

Q(()?J;;goo = Ic(z_)1;a3,

Q(()C(lJaalZoo = Ic(z_)lm,

96%83350 = 51)1-(15 (P72n> )
9%&)13% = I(Sl )1 a6 (ﬁ%) ;
ng;g)ooo = I(Sz O ay.as (Pn PR s
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ngaolgmo = 1(510_)1;(11,@4 (Pn - Pi) 5
Qgi;algooo = Ia(fo—)l;ag,ag (Pn - Pi) 5
Qé’i;&imo = Ig)—)1;ag,a4 (Pn - Pr) 5
Qantaro = 11 (pﬁ P> pfn) ,
U0asas0 = L vasas (P Pims Pin)
Aty = 10 (on-p 7).
Wooatoas = 15 arsas (P P ) -

All considered angle integrals are normalized by full solid angle, so

59 < I () = K9 0 = K8 (1) =1

© _ 1 /ngfl_l) 20
d=1in " )(d-1) (v-p)"’ p="5
(d—1)
1 oy _ 1 d€, 2
Idfl;n (p ) — Q1) / (’U ] p)nu p 7é 0,
1 anld-v
10y (o1 p2) = = / . , pi=p5=0,
e QDT (v p1)* (v po)’
1 anld-v
I8V, (o1 p2.3) = / - , P =0,p5 #0,
i ) =@ o
where v is a light-like vector.
(0) _F(2—2€)F(1—€—n)
d=In T (1—¢)T(2—2e—n)’
v (p2)=(1+ﬁ)*”2F1 (n 1—¢ 2—25-25> B=1/1—p2
d*l,n M M 7]_—'—/8 ) M

I'2—2¢)I'(l—e—a)I'(1—<—b) ( pypg)
F 1—e;1—
2 (1) T (2—2e—a—p) 2\ BOI=s1=757 )
2(=2) T(2-26)T(1—e—a)

5 X
(pr-p2)’ T(1=€)['(2—2e—a)

0
Icg—)l;a,b (Pl'p2) =

Ic(ll—)l;a,b (Pl'pz,pg) =

1 1—
F1(b,l—&—a,l—a—a,Q—Qs—a;l— +5 1— ﬁ), 154

pi-p2’ P1°P2

E Special functions

(D.31)

(D.32)

(D.33)

(D.34)

(D.35)

(D.36)

(D.37)

(D.38)

In this appendix we collect various identities for (generalized) hypergeometric functions, see

e.g. ref. [154], that we have used in this paper.
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Transformation rules.

_oL(b—a)T(c)
F b:c:z)=(1— — L HF b;1 b;
2 1(61, ,C,Z) ( Z) I‘(c a) (b)2 1<aC +a— 1o z>
['(a—b)I'(c) < 1 >
1-2) 2 (b L—artb;s— E.1
+( ) F(C b) ()2 1 c—a; a+ . ; ( )
I'(c—a—b)T(c)
oF (a,b;c;2) = —zFl(aba—i—b—H cl—2)
['(c—a)T'(c—0)
I'(a+b—c)T(c)
+(1—z) 0 T By (c—a,c—bye+1—a—by1—
+(1-2) T (@)T(0) oFy (c—a,c—b;e+1—a—b;1—2),
(E.2)
oF1 (a,b;c;2)=(1—2)" 2F1<c a,b;c; Zl), (E.3)
1+vI—z 1. 11-vI—z
F b;2b; b ;b EA4
2 l(aa ) 72) ( 92 > (aa +2 +2 1+m> ( )
W z—w
Fy (a;b,b;c;w,2) = aF1<ac b—t'b;c; —1’1—w)’ (E.5)
/ / —a / w z
Fi (a;b,b' ;040" w,2) = (1—2) 2F1<a,b;b+b;1_z). (E.6)
Integral representations.
oF) (a,b; ¢ 2) = / At 11— 1)1 (1 = 12) 7, (E.7)
(c—b

L ap—1
oF () (0g):2) = F(ap;((l;z)_ - O/ e Pt ()i (o)), (E5)

1
. (A _ F(C) ta*1(1 _ t)cfafl
Fi (a;0,0;c,w,2) = I'(a)[(c — a) O/dt(l (1 — ) (E.9)
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